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Executive Summary 

The draft Final Report in its original form has received various 
comments and recommendations from colleagues and program sponsors since its 
completion on September 11, 2001.  Except the very few comments which may 
have based on some concept inapplicable to the problem considered, most 
suggestions are accepted and proven to be helpful in eradicating numerous 
typographical and transcribing errors, as well as clarifying several important 
statements in the report.  Among sponsors’ specific recommendations are the 
additions of an Executive Summary and also statements for each section 
indicating the need for the subject research towards reducing the environmental 
impact of the space-launch and other flight operations.  Brief statements in 
small-italics font are thus added at the beginning of most sub-sections, where 
expositions of analyses and examples detailed in the text may appear to be 
lengthy and confusing to a non-specialist.  Summary statements are not added, 
however, to each of the five main sections, since the significance of the collective 
research to marine impact study have already been high-lighted by the head of 
each main section.  Together with an Executive Summary written for the less 
technically-oriented readers, it is concurred that these brief statements or 
descriptions may help reaching a wider circle of audience. 

Recent analysis by Cheng and Lee has shown that disturbances from acoustic sources produced 
by interaction of a surface wave train with an incident sonic boom wave will attenuate in deep water at a 
rate much lower (slower) than those predicted by Sawyers’ theory for a flat (non-wavy) ocean, and will 
accordingly overwhelm the latter at large depth.  Experimental and theoretical research on underwater 
impact from sonic booms are performed to ascertain the significant influence of wavy ocean surface on 
sonic boom’s penetration power, and to determine, through application of the validated model to aircraft 
and space-launch examples, if predicted signal intensity and characteristics at depth belong to the ranges 
and types that may allow meaningful impact assessment in marine mammal study. 

To ascertain the important difference in underwater sonic boom response between wavy and non-
wavy surfaces and the cylindrical-spreading rule underlying deep-water attenuation rate in the Cheng-Lee 
theory, laboratory experiment was set up to record over-pressure in a small, 3-meter long, water-filled 
tank during overflight of a supersonic projectile.  Microphone driven wave makers were used to generate 
trains of surface gravity waves; sensor arrays utilizing Kistler piezotrons with electronics and computer-
interface support were employed to record wave-form at different depth levels; the laboratory set-up and 
procedures are detailed in Sec. 4 and Attachment II.  A number of obstacles in measurement encountered, 
including the effect of the muzzle blast, persistent anomalous signals, and the non-uniformity in the 
surface wave train, were overcome and resolved.  In spite of limitations in the laboratory set-up, the 
significant wavy-surface effects on underwater response to sonic boom, and the cylindrical-spreading rule 
are well confirmed in accord to the theory; in addition, the extensively collected wave-forms reveals 
wave-packet behavior and their dependence on surface wave length and surface wave slope, which are 
again in agreement with the theory. 

Having validated the surface-wave interaction model, the method was applied to determine over-
pressure wave-forms underwater for generic examples of aircraft supersonic over-flight at different depth 
levels, Mach numbers, surface wave numbers, and conditions corresponding to surface wave trains 
propagating in directions oblique to the flight track. The method was similarly applied to an example of 
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rocket space launch, using the Focus-Boom type sea-level signature (recorded during a Titan IV ascent) 
as an input, assuming two distinctly different surface-wave numbers. These examples, discussed in detail 
in Sec.3.6-3.8 and 3.10, broadly indicate that infra-sound of frequency 10-40 Hz originated from the 
transmitted sonic boom can reach down to 50-500 meters below sea surface at sound pressure level of 
100-130 dB (re 1 µPa), corresponding to 0.002-0.209 pound per square foot depending on specific depth 
levels.  Infrasound at these sound pressure levels is common in records of baleen whale calls and can be 
expected to be audible or perceived by these marine mammals.  Another noticeable feature of the 
predicted waveforms is the frequency down-shift in the tonal pitch that reduces towards the end of the 
signal, which is also commonly found with the individual pulse in call records.  Unlike the repetitive short 
pulses in the records, however, the duration of the underwater wave packet produced by a sonic boom 
will be rather long, according to results of the study.  At one km below the surface, or deeper, this 
duration can be 3-5 seconds for an aircraft supersonic flight and will be 20-40 seconds in the case of a 
rocket space launch.  (The 20-40 seconds in the latter case presents an area underwater affected by the 
sound pulse extending over a distance 7-14 km horizontally.)  Understanding submarine animals’ 
response to infrasound of this nature must therefore be central to the next phase of studies on impact to 
marine mammals. 

Furthermore, results at the 50 m depth examined indicate that the wavy-surface interaction effects 
on amplitude and wave-form may not be altogether ignored even at locations not far from the surface; 
therefore, analysis of wave field near the surface may yield vital data to help assessing potential 
harassment at the physiological level to a broader class of marine animals.  Presence of the sea floor must 
be an important consideration in analyses for the shallow coastal water where the sonic boom impact is 
expected to be the most severe.  A shallow-water model with a flat (non-wavy) surface under an incident 
N-wave is adopted to investigate its response to sonic booms; cases with rigid and elastic bottom surfaces 
are both analyzed.  Whereas, in the presence of a rigid bottom, the over-pressure is expected to increase 
by an amount as large as the surface value in the case of a very shallow depth, calculations show that the 
sea-floor effect will remain small until the channel depth becomes as small as a half of the sea-level 
sonic-boom signature length.  For a sea-floor with sediment properties resulting in a very low (slow) 
compressive-wave speed, examples studied confirm the existence of sonic-boom excited sediment-
boundary waves. 

Two unresolved discrepancies remain in current prediction methods of sonic booms above the 
water; they will significantly affect the reliability of underwater impact analyses. The first is the failure in 
predicting the surface signatures of Focus-Boom type from space-launch operations (except for the peak 
over-pressure).  Extensive studies with current sonic boom codes as well as a CFD Euler program confirm 
the culprit to be the inadequate provision of near-field data corresponding to a lack of accurate description 
of the rocket plume shape.  Resolving the latter is thus one of the specific tasks in future study.  The 
second discrepancy is concerned with the propagation code break-down when and where a “super-boom” 
occurs.  The latter can occur near the ground or sea level where the ambient sound speed becomes the 
same as, and higher than, the horizontal propagation speed of the incident sonic boom wave field.  This 
type of wave field has been known to yield wave intensity much stronger than the typical sonic-boom 
strength elsewhere, and is thus called the Super-Boom.  A CFD program based on the nonlinear Tricomi 
equation governing this type of wave problem was used to test its adequacy as a program amendment to 
the standard method and to study super-boom’s wave intensification power.  Applications to examples 
with incident waves of the Focus-Boom (Titan IV) type and the N-wave type confirm super-boom’s 
intensification power for both types, and reveal also the feasibility for a new, linear approach to the 
problem as well as important features unrecognized by standard propagation methods. 
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Summary 

Theoretical and experimental research on sonic boom noise penetration into water was conducted 
under the Ocean Sonic Boom (OSB) Program to establish the hydro-acoustic model for underwater    
sound pressure predication in order to ascertain the importance of audibility and other issues on impact to 
marine animals in deep and shallow water.  Under this program, laboratory experiment was set up to 
measure sonic boom generated underwater wave-field.   In spite of limitations of the experimental design 
and moderate laboratory set-up, significant differences between wavy and non-wavy surface models and 
the dominance of the wavy-surface influence in deep water. are confirmed. Within the significant 
parameter ranges of the theory, the measurements substantiate the cylindrical-spreading rule governing 
the submarine sonic-boom pressure attenuation.  In the parallel theoretical development, the analysis of 
sonic boom interaction with a sinusoidal surface-wave train is extended to non-aligned, non-sinusoidal 
and multiple surface-wave trains; their salient features and importance to the deepwater sound field are 
ascertained by examples in both computational and laboratory studies.  Whereas, significant differences 
between sonic booms from aircraft and from rocket space launch have been identified, results have 
broadly indicated that the predicted infrasound at sound levels of 100-130 dB (re 1 uPa) can reach depths 
of 50-1000 m and should be audible to many baleen whale species.  The tonal structure and the relatively 
long signal duration found among other wave-form properties have provided specific aspects for marine 
bio-acoustics research to follow.   The inadequacy of current sonic boom propagation codes in predicting 
focus-boom signature is found to have resulted mainly from the incomplete prescription of near-field data 
over the rocket plume, and represent an aspect in need of amendment essential to underwater impact 
studies.  As a CFD investigation supporting the OSB program, the problem of a “super-boom” occurring 
during a rocket space launch is analyzed numerically with in-put data inferred from a field-recorded 
signature of a focus boom; the results reveal how a focused sonic boom may be further amplified and 
modified before it reaches the sea level.   Sonic boom impact under water of shallow depth is also 
investigated as a problem which may severely affect the coastal water environment.  Included is an 
analysis of sediment boundary waves on the sea floor;  the study confirms that, with suitable combination 
of flight Mach number and sediment elastic properties, these waves can be excited by a sonic boom. 

Among the major computer soft-wares produced in the course of this investigation are the 
complete program listings in four files developed for the most general (non-N waves) case in deepwater  
and the superboom CFD programs, included in Appendices I and II, respectively.   

Attached are two major documents: (1) Technical report on the theory extension and applications 
(USC AME report 4-4-2001), and (2) Technical report on laboratory underwater experiment (USC AME 
Report 9-11-2001), in which much detailed descriptions, analyses and records are documented. 
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1.    Introduction 

This report presents results of experimental and theoretical investigations of sonic boom noise 
penetration into a wavy ocean and related problems under the support of a program initiated by US Air 
Force Material Command, Space & Missile Systems Center for Ballistic Missile Defense Organization, 
through Parsons Engineering Sciences Subcontract 738249, 3000-02 to HKC Research. 

The following five sections of the main text present an overview on the basic and specific issues 
(Sec. 2)*, model, code extensions and applications (Sec. 3), laboratory set-up and experiment (Sec. 4), 
space-launch related superboom problem (Sec. 5), and conclusions (Sec. 6). The main text is followed by 
figures and sketches referred to in the presentation, and two appendices of major computer program files 
(Appendices I, II). The content of this report is supplemented by Attachments I and II in which important 
technical details of the model and computational development and in the laboratory measurements and 
results are documented. 

Two modifications in the research plan have been made in the course of the program 
development. One was replacing a part of laboratory study on sediment interaction by additional analyses 
on the theoretical models of sonic boom excited sediment waves in shallow water. This change results 
from realizing the lack of a definitive model and its dependence on sediment materials, which may not 
promise fruitful laboratory study within the allotted program resource. The other plan modification made 
more recently is re-directing laboratory effort to measurements in the original smaller tank, using the 
improved, new sensors, wave-makers and set-up, instead of the large (wider) tank. The decision was made 
upon the recognition that a great deal of knowledge and experience has been gained with the older tank 
with regard to maximizing the signal-to-noise ratio and other considerations. Most test objectives 
scheduled for the larger tank, such as the study of non-aligned wave trains, are being accomplished in the 
older tank. Tests in the larger tank will be conducted at the very end of the program to ascertain its 
usefulness and function for subsequent studies. These two program plan changes are reflected in the 
works reported in Sections 3 and 4. 

                                                 
* Portions of Sec. 2 on the overview and problem background are adopted from the original program proposal. 



2. Overview:  Basic and Specific Issues 

Sonic boom noise has been recognized as an outstanding environmental impact issue of 
supersonic aircraft as well as space-launch operations [1-4].  Methods of predicting sonic-boom 
overpressure have evolved from classical ray-acoustics theory [5-7] and have been extensively used for 
sonic-boom impact assessment in many design and planning studies. [8-13] While several aspects of these 
predication methods/codes still require improvement, an important research development in recent years 
has been concerned with the potential effects of sonic booms on marine mammals and other forms of sea 
life [14-19].  Apart from studies of sonic boom effects on pinnipeds and turtles which were the focuses of 
laboratory and field experiments in Ref. [20-22], an adequate model for predicting sonic-boom generated 
disturbances underwater is yet to be ascertained and further improved before it can adequately serve as a 
scientific base for impact assessment on sea life. 

Attention in this research area has focused mainly on the potential of causing physiological harm 
to the animals [20-22].  In this regard, it is important to quantify the propagation in air and water of sonic 
booms and to compare predictions and empirical measurements with established risk criteria for 
physiological and behavioral effects on animals.  Even where risk of these effects are low or non-existent, 
such comparisons with clear explanation are necessary to forestall challenges based on speculation or 
conjecture of worst-case scenarios.  Very mild physiological effects (such as that which causes temporary 
auditory threshold shift) are not considered to be injuries in the sense of tissue destruction or 
physiological threat, but may have detrimental behavioral consequences to animals in short and long 
terms.  The legal definition of what constitutes a significant behavioral disruption—its degree and 
duration—is still in debate at this time.  Regardless of the outcome, animal response to anthropogenic 
noise, including sonic booms, as well as acoustic communication in ambient and anthropogenic noise are 
issues that will play a part in that debate.  Mild and intense man-made noise may impact adversely on 
their habitat preference, migration route choice and other ways of life as well as group behavior.[ 22-26].  
Of relevance to the present study is the heightened concern about issues related to man-made hydro-
acoustic disturbances.  This increased concern stems partly from recent incidences with intense and long 
duration sonar sources and has led to a significant program-focus change in ATOC/NPAL project. [27-28] 

Of special significance is the suggestion from examples of recent calculations based on the PI’s 
theory [29] that sonic boom (SB) disturbances underwater at the overpressure level of 100-130 dB (re 1 
µPa) and in the 10-40 Hz frequency range are expected to be audible by some marine mammals at a depth 
of one-half (1/2) km*. It is noted that the examples studied assume a signature length of 90 m typical of a 
supersonic transport; for a larger craft or rocket space-launch vehicle, the noise penetration depth can far 
exceed 1/2 km. Interestingly, these sound level and frequency range have been considered significant for 
Blue and Fin whales [23, 25, 26, 31, 32], expected to be audible also by deep-diving cetaceans, such as 
Sperm Whale, Bottle-Nosed Whales and Harbor Seals. [33, 34] The predicted waveform should then be 
important for its use in comparing with, or distinguishing from, the whale-call signals. Equally important 
to the audibility issue is how ambient ocean noise [23, 35, 36] may affect the underwater acoustic signals 
in question. In this regard, the duration of the predicted signals in deepwater should also be an 
important consideration, since the effective noise level affecting the perceived audible event is expected 
to increase with its duration. In the following, we shall review several problem areas and the specific 
issues which are the focuses of the current program. 

                                                 
* The results of those examples of applications and the methods of computations are documented in Ref. [30] which 
was included as Attachment I to this report.   We note that the 120 dB often referred to in Refs. [23-32] falls well 
within the 116-126 dB (re 1 µPa) audible to a power-mower operator, or the passenger inside a light plane cockpit 
[69]; however, the dominant frequencies of these data were far above the infrasound range of interest. 
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2.1 Wavy vs. Non-Wavy Ocean Models 

Existing methods based on the flat-ocean model fail to predict sonic-boom noise field 
underwater in the presence of surface waves, which proves to be very significant in 
determining the perceivable disturbances for impact study/assessment for large as well 
as small depth levels. 

Most studies of SB noise underwater have been based on Sawyers’ model [14] which stipulates a 
flat air-water interface.  Among these are analytical development elucidating the original theory [17] and 
experiments validating the flat-ocean model [15, 16]. Compared to the earlier experimental studies of Ref. 
[15], the experiment by Intrierer & Malcolm [16] was more definitive in the validation of the Prandtl-
Glauert (PG) rule applied to the maximum overpressure, but stopped short in confirming Sawyers’ 
waveform prediction. Sawyers’ model has been extensively used to study the effects of aircraft flight 
Mach numbers and input waveforms by Sparrow [18] and Sparrow and Ferguson [19]; the penetration 
depth of the SB disturbances was found to be rather limited, according to examples shown. An omission 
in Sawyer’s theory is the important sea-floor influence which is expected to intensify the SB noise in the 
shallow coastal water where the impact is likely to be the most severe. 

The investigation of Cheng and Lee [29, 29a, 37, 38, 39] recognizes, however, that a time-
dependent effect arising from the interaction of an incident SB with a wavy ocean, though being a 
secondary effect near the surface, can significantly alter the sound level and tonal content predicted by the 
flat-ocean model and overwhelm the SB wave field at large depth. The significant influence of surface-
waviness on SB noise penetration should not be too surprising in light of an early study on sound 
transmission from air to water by Medwin and coworkers [40, 41] who found that rough (ocean) surfaces 
generally augment transmission in accord with their theory and experiment. 

The wavy-surface interaction problem in question has been studied numerically by Rochat and 
Sparrow [42], who employed a finite-difference procedure [43] which allows time-dependent 
computation of the acoustic fields in air and water simultaneously in a continuous calculation. The non-
planar interface was simplified however in the computation model by assuming only a finite number of 
wave crests. Regrettably, the computed overpressure data were obtained (only) at depth rather close to the 
surface and no conclusion can be made with regard to surface-wave influence in the deeper part of the 
water.  Their result did exhibit, nevertheless, the second-order oscillatory effect expected at small depth 
level in accord with Cheng & Lee’s analysis. 

2.2 Laboratory and Field Measurements 

Existing underwater measurements in a ballistic range and at sea have not furnished 
data at depths sufficiently large (and/or for flight Mach number sufficiently high) to 
unambiguously support or dispute the wavy-surface influence; hence, their results and 
conclusions can not be applied to ocean sonic boom impact study.  

There have been three documented underwater measurements of relevance to the present program 
which were described in some detail in the original program proposal. One is the water tank experiment in 
a ballistic range by Intrierer and Malcolm [16] to test the flat-ocean model mentioned earlier. Similar 
laboratory set-up implemented with a wave-maker can be used to ascertain the relative importance of 
Sawyers’ model and Cheng and Lee’s wavy-ocean models, as well as the latter’s physical validity; this is 
in fact the basic feature underlying the design of T. Maxworthy and A. Fincham’s laboratory experiment 
(Sec. 4). 

A second document of interest is the study by Desharnais and Chapman [44] of overpressure 
waveforms recorded by hydrophone array which was identified with a Concorde airliner overflight. Quite 
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good agreement with Sawyers’ theory was found in waveforms recorded on the upper part of the array; a 
prolong, monotone ringing feature departing from Sawyers’ waveform was also noted, which Desharnais 
and Chapman explained as excited sediment boundary waves of the sea bed. While similar ringing 
features may also be attributed to the effect of interaction of sonic boon with surface waves (see Sec.3), 
the excitation of sediment boundary wave is indeed a topic of concern in the context of shallow-water 
sonic boom impact (see Sec.3.9).  

The third document, which addressed more closely to the problem of undersea measurements 
with planned supersonic over-flights, is the work by Sohn et al. [45]. Reasonably good agreement with 
Sawyers’ waveform was found at depth level down to one signature length ~ 40 m, beyond (deeper than) 
which conclusive results were unavailable*. The ambient noise level was determined to be too high at 
these depth levels; measurements at the deeper levels were not pursued in the belief that ambient noise 
level would not change with depth levels. This belief is contrary to the classic studies by Wenz [35] and 
Urick [36a] on ambient ocean noise, according to which underwater sound stronger than 100 dB (i.e. 
1µPa) in the 5-30 Hz frequency range is not expected to be overwhelmed by ambient ocean noise. The 
authors surmised in their conclusion that the wavy-surface interaction effect will not be found in a real 
ocean. The lack of consistency among recorded waveform data and the limited time interval shown in the 
paper would suggest, however, that either the recording system or/and the signal analyzing procedure in 
Ref. [45] has ceased to function properly at the deeper levels. There is also an important factor that may 
have significantly limited the capability of this over-flight experiment with regard to detecting the 
surface-wave interaction effect. Namely, the flight Mach numbers of the experiment in the range of 
MA=1.05-1.25 is too low to readily capture the effect in deep water of interest. For, according to the 
(Λ,Ψ) domain established in Part I (reproduced in Fig. 3.3 below), the significant effect in question is not 
expected to be found for MA<1.25, except for those surface-wave trains aligned rather closely with the 
flight direction with (non-alignment) angle Ψ less than 15 degrees. 

                                                 
* Signature length is taken here to be the physical length scale characterizing the length of the sonic-boom 
overpressure waveform at the sea level. Cf. Fig. 3.1. 
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3. Model and Code Improvement, Extension and Applications 

Specific task objectives under this category have been listed in the original program proposal 
(p.12) under three versions in the order of increasing effort and resource. We report that these task 
objectives have been fully achieved, with few exceptions, of which the problem are partly/fully resolved 
by research in related tasks and not of central importance to the value of the program product. These 
works of analytical and computational support to experiment (listed under I. A in Version I of the 
proposal), and of the super/focal boom model computation (listed under II. B in proposal Version II) are 
reported and discussed in Sec. 4 and 5. 

Under the current program, signification improvement in the analysis and computer program of 
the surface-wave interaction effects have been made; worthy of note is the completion of a general code 
which is applicable to non-N waves and allows a number of new applications. The Sawyers’ model has 
also been extended to shallow water and applied to studying sonic boom excited sediment boundary 
waves on the sea floor. 

Equally important is the completion of the report by Cheng, Lee and Edwards [30], submitted as 
Attachment I, which documents examples of applications elucidating the distinct difference in noise fields 
characteristics between a wavy-surface model and a flat (non-wavy) model, and their dependence on the 
depth level, the surface-wave number and the Mach number. These studies and comparisons allow 
common features and trends to be inferred. Results of new applications and studies are also documented 
and examined in Cheng, Lee and Edwards report, including the sediment boundary wave analysis and 
generalization to non-sinusoidal surface-wave trains. 

An improvement in the theory has been made in the removal of several unwarranted singularities 
in the deep water (far-field) analysis, which led to resolving an issue of Mach-number anomaly raised in 
the original program proposal*. Another issue resolved is the problem of uniformity of the approximation 
related to the theory’s breakdown near shock jumps; the details in resolving this issue were given in Ref. 
[29].  The water-surface depression under the impact of the incident and reflected sonic-boom waves was 
an earlier concern; but it has been determined after a thorough analysis to be unimportant owing to the 
extremely short transit time and the high water-to-air density ratio, even under the more severe condition 
in our laboratory (where the overpressure may reach 100psf). The principal finding and results of the 
analytical and computational investigations will be presented in Sec 3.4-3.10, which are preceded by 
preliminary remarks on the theoretical model and the essence of the theory in Sec.3.1-3.3. 

3.1. Model, Assumptions, Notations and Remarks 

The theory adopts a model of two adjoining in viscid, compressible media, separated by an 
interface, across which the pressure and normal velocity (in the absence of surface tension) are 
continuous. The water-to-air density ratio ρw/ρA is assumed to be much high than unity (773.4 under 
standard condition).  Its high density is expected to cause the water to behave very stiffly in response to 
the incident sonic boom wave, with little changes in fluid velocities and the interface geometry (to the 
level of approximation considered); whereas, the overpressure underwater must vary in response to that 
above water. The overpressure of interest, to be sure, is the pressure change from the local equilibrium 
value which increases with depth z (Refer to Figs. 3.1 and 3.2 for sign conventions and meanings for the 
depth, horizontal variables z and x, the sea-level signature length L′, the surface-wave length λ, the 
                                                 
* This improvement was incorporated in the up-dated version of a USC AME Report 11-11-2000 by H. K. Cheng 
and C. J. Lee. [29] The results presented in Cheng, Lee & Edwards [Attachment I] and in this report were computed 
from updated codes consistent with the improved version of the theory. 

 5 



horizontal velocity of the wave field trailing the space/aircraft U, the surface-wave velocity c, the swept 
angle of the impact zone Λ and the non-alignment angle Ψ.) As shown, the surface-wave depression is 
represented by Zw(x,y,t); for the sinusoidal surface-wave train considered, the maximum Zw (which is one-
half of the wave height) is δλ, and the maximum slope is 2πδ. An important quantity in the following 
analysis is the surface wave number k=2π/λ.  Following Refs. 29 and 30 (see Attachment I), all length 
scales (such as x, y, z; λ) will be made dimensionless in the out set with the signature length L′.  therefore, 
in physical units, the depth level is zL΄, the surface wave length is λL΄ and the maximum surface 
depression is δλL΄. The velocity U is assumed to be constant, or nearly uniform in time, and much larger 
in magnitude than c; the latter will be omitted in most applications. We will be concerned with problems 
in which the horizontal speed of the wave field movement U does not exceed the sound speed underwater 
aw. This amounts to the requirement MA=U/aw<4.53 under the standard condition and corresponds to the 
condition on the ray entry angle in ray-acoustics theory, θi>12.75o. 

3.2.  Essence of Theory 

Owing to its relatively slow attenuation rate governed by the cylindrical spreading rule, 
the time-dependent disturbances generated from sonic boom interacting with a surface-
wave train can overwhelm the otherwise flat-surface wave field in deep water. 

The significance of the surface-wave influence on deepwater wave field is made more apparent 
by a comparison in the spatial attenuation rate between the primary sonic-boom disturbances under a flat 
ocean and the time-dependent disturbances generated by the interaction with a surface-wave train. 
Whereas the former diminish with increasing depth level as the inverse square of the depth, i.e. 1/z2 for an 
N-like incident waveform, the interaction with wavy surface produces a continuous distribution of time-
dependent, acoustic source that results in a much lower attenuation rate, namely, the inverse square – root 
of the depth level, i.e. 1/ z . This behavior is in accord with the cylindrical spreading rule which is 
familiar from acoustics for a monochromatic point source in two dimensions (see, for example, Landau & 
Liftshitz [48])*. This cylindrical spreading rule is borne out by the 3-D theory in Refs. 29 and 30, and is a 
result of the extremely high aspect ratio of the sonic-boom impact zone. Hence, this time-dependent 
interaction effect, though being a secondary one at and near the surface, can exceed Sawyers’ prediction 
in magnitude and overwhelm the otherwise primary wave field at large z.  

3.3. The cylindrical-spreading domain 

The parameter domain where the cylindrical spreading feature manifests is identified and 
will serve as a guide for its identification in field measurement and underwater impact 
study. 

As shown in the theory [29, 29a, 30], there exists parameter domains of the normal Mach number 
Mn=MAcosΛ, the swept angle of the impact zone Λ, and the alignment angle of the surface-wave train Ψ, 
in which the effervescent, downward-propagating wave components are generated by interaction of sonic 
boom interaction with surface waves and results in the cylindrical-spreading (inverse square-root) 
behavior in deepwater sound field.  

Owing to its importance to the designs of laboratory and field experiment, the boundaries 
delimiting these parameter domains are reproduced in Fig. 3.3 from Ref. [29, 30] for four flight Mach 

                                                 
* The cylindrical-spreading rate, as well as the mono-chromaticity (single-frequency) property of the wave-field at 
large depth level, are the result of interference among neighboring effervescent (non-attenuating) wave components 
detailed in Refs. [29, 29a and 30].   The latter were also called downward-propagating waves in Ref. 29a.  
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numbers based on the sound speed above water: MA=1.05, 1.50, 2.00 and 3.00. They are determined by 
the requirements 

  (3.1a) 0)(sincos 222 =Ψ+Λ−ΛwM

 







−=Λ −

AM
1sin90 1o  (3.1b) 

where the subscripts “w” and “A” refer to underwater and above water, respectively. The domain of 
interest for each surface Mach number MA resides in the Λ-Ψ region interior of those bounded by 
(3.1a,b). (Note in this connection that for over-flight Mach number less than 1.25, such as those in Ref. 
[45], the underwater event of concern could not be easily detected, unless the surface-wave propagation 
direction is aligned closely enough with the flight path to within Ψ≤15°, refer to Fig. 3.3). 

The following presents the highlight from studies responding to the task objectives listed under 
Versions I-III in the original proposal, including the important flight Mach number and surface-wave 
number influence on waveform, sound level and frequency, code and theory extension to shallow water 
and sediment-boundary wave excitation.  Most these results were obtained from an improved calculation 
programs based on more recent analyses in which the issues of non-uniformity and singularities (raised in 
the proposal) have been resolved. 

For its application as a tool to help answering the audibility issue concerning marine mammals, 
we selected for our model calculations surface-wave train models of maximum surface slope δ=0.02-
0.025 and surface-wave number k=4-16 for aircraft examples, and k=16-64 for rocket space-launch 
examples.  With reference signature length scales L΄=100 m and L΄=1 km for aircraft and rocket space-
launch, respectively, these δ-k combinations correspond to waves at sea states under moderate and fresh 
breezes [63, 64].  Whereas distant whale calls from baleen whales in/near the infrasound range can 
commonly be recorded at levels down to 100 dB (re 1 µPa) sound pressure level [31,32], and may have 
been considered critical for potential effect on behavior at 120 dB SPL (re 1 µPa), [23-25, 26, 27].  It has 
not been clear how deep down the infrasound signals from the surface-wave interaction may penetrate—
with realistic length, time and pressure scales.  This and other questions are answered by the examples 
studied below*.  Another concern in applications is the ambient ocean noise in the frequency range of 
interest, which could mask the signals in question.  Proper conclusion on these issues must take into 
consideration of the (passage) duration of the sound pulse, with which the noise effect on the sound-
pressure level must increase.  This point will be addressed in later discussions.  More thorough studies of 
the analytical details and related issues are documented in Attachment I [30]. 

3.4 Example of a Basic Model: 1.83, k=4 =AM

An example for an incident N-wave is used to illustrate the several important solution 
stages, while showing a number of common solution features to be found in later 
discussions.  The solution procedure used in this example was developed under the 
assumption of an N-shape, incident sonic-boom wave. 

We consider the wave field directly under the flight track (Λ=0) generated by interaction of an 
incident N-wave with a surface wave of wave number k=4, aligned closely with the flight direction (ψ=0) 

                                                 
* There is actually no ruling to date declaring the 120 dB SPL to be a harassment level, which must fall into the 
MMPA definition of Level B harassment and include degree and duration of masking effects [23,25].  There were  
instances where the interpretation of its legal definition was dismissed by regulatory agency. 
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(cf. Sec. 3.1 for definitions of Λ, ψ, k and other parameters).  This example may be considered basic in 
that it illustrates a number of common features to be found in most other cases with otherwise vastly 
different properties.  The examination will also illustrate how well the far-field formula for high zk  may 
work for a moderately large zk .  Figures 3.4, 3.5 show in normalized form the complex amplitude of the 
overpressure on the wavy interface generated by the interaction  and its Fourier transform (with 
respect to x΄), 

( 0,ˆ 2 xp ′ )
( )ξÂ *.  The latter is an important function in the deepwater (high- zk

(
) analysis; it controls 

directly the envelope of the deepwater wave packet; its absolute magnitude )ξÂ  at high zk  can be 

identified with the acoustic exposure spectral density [65].  Of interest is the successive “zero-crossings” 
where  vanishes. Â

The underwater solution to (x΄,2p̂ z ) is obtained from the inverse Fourier transform of the 
product Â(ξ) and a another known function of ξ and .z   The distribution of real and imaginary parts of 

at two different depth levels z = 0.5 and z = 2.5 are shown in Figs. 3.6, 3.7.  In Fig. 3.6 for z = 0.5, 
where the depth is only a half of the signature length L΄, the far-field formula derived for large 

2p̂
zk  (light 

dashes) works surprisingly well over the whole x΄-range except near x΄=0, where the formula still 
provides the right behavior and order of magnitude.  The light dashes computed from the far-field formula 
is seen from Fig. 3.7 to closely capture the oscillatory features calculated by the intensive numerical 
integration (solid curve) at a moderate depth level which is two and a half of the signature length 
L΄(z=2.5).  Note that 5.2=zk  is equivalent to .40.0≈λz  

To see how these results from the wavy-ocean model can be meaningfully compared with one 
based on the Sawyers’ model; we must assign a value for the slope parameter δ.  For the present purpose, 
we assume δ=0.02, and will present the results in terms of a normalized overpressure and the normalized 
time .LUt ′  Three graphs comparing the overpressure waveforms (in the time domain) predicted by the 
flat-ocean model (dashes), the time-dependent part of the wavy-ocean model (dash dots) and the sum 
(total) of the two (solid curve) are presented in Figs. 3.8, 3.9, and 3.10 for the three depth levels z=0, 0.5, 
and 2.5, respectively.  As is apparent form Fig. 3.8, the reference overpressure is chosen such that the 
normalized maximum surface pressure is equal to 2.  The persistent ringing feature is the response of the 
supersonic wave field above water to the sinusoidal surface-wave train and is clearly a secondary effect in 
the presence of the towering N-wave signature over the segment 0<x<1.  In Fig. 3.9 where the 
overpressure waveform at depth level of one-half the signature length (z=0.50) is presented, the wavy-
surface effect begins to markedly alter the otherwise smoothly degenerated N-wave profile (in dashes); 
the peak over/under-pressure is seen to increase by nearly 45%.  At z=2.5, Fig. 3.10 shows that even at 
this moderate depth level corresponding to only two and a half of the signature length, the expected 
dominance of the surface-wave interaction effect is fully realized.  Here, the persistent ringing feature 
next to the surface transform itself into a packet of wavelets (dash-dot and solid curves) and overwhelms 
the otherwise primary (Sawyers) wave-field (in dashes).  The waveform indicates a (slow) frequency 
downshift/sweep in the course of its passage, in accord with Doppler’s principle.  We note, in passing, 
that, this graph could be applied directly to an example with a 2 psf (pounds per square foot) maximum 
surface overpressure and a signature length L΄=100 m.  In this case, the peak overpressure would reach 
0.06 psf at z=2.5 (well above the 120 dB (re 1 µPa) or 1 Pa mark mentioned earlier), and pulse duration 
more than 6 seconds. 

                                                 

)
* In accord with the analysis of Refs. 29 and 30, the overpressure generated by the interaction is given by the real 
part of the synchronous pressure δ , with , whereas the overpressure corresponding to 
Sawyer’ solution is p1. 

( tip Ω−expˆ 2 Ψ=Ω cosUk
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3.5 Test of a General Computer Code: M =1.5, k=4 Α

The computer code based on a more general solution procedure developed for non-N, 
incident waves is examined for accuracy/adequacy, using an example of incident N-wave 
as a test case, of which exact and accurate solution properties are known.  This more 
general code allows applications to examples of incident focus/super booms and other 
non-N incident waves. 

Results obtained for most our earlier studies were obtained by a computer program made strictly 
for incident N-waves. Usefulness of the program for space-launch applications requires consideration of 
non-N waveforms, and a program is developed for this purpose.  Adequacy of this more general program 
in generating the surface velocity potential and the boundary-transfer term were of concern in view of the 
anticipated solution singularities [29, 30].  Detail comparison with the N-wave results in various solution 
stages has provided a crucial test for the general program.  The unquestionable agreement in the 
comparison far Â and  is evident from Figs. 3.11, 3.12 made for the case M =1.5, k=4.  The 
comparison for the normalized (x΄,

2p̂ Α

2p̂ z ) in Fig. 3.12 was made at the depth z=2.5. 

3.6 Underwater Waveform Properties: M Α  and k Dependence 

Of interest to marine-mammal impact study are the over-pressure amplitude, frequency 
range, pulse duration and other waveform characteristics perceivable at depth, as well as 
their significant dependence on Mach number, surface wave number and depth level.  
These properties are examined for an incident N-wave of signature length and maximum 
over-pressure typical of aircraft supersonic flight, and for a moderate wav height.  
Results at depth levels near and far from the surface are obtained for combinations of 
three Mach numbers and two surface wave numbers.  These data, together with 
corresponding examination on sonic booms from rocket space launch in Sec 3.10, 
establish the benchmarks needed for subsequent marine-mammal impact study. 

The wave interaction effects are seen to depend linearly on the slope parameter δ, but are more 
critically (and nonlinearly) dependent on the surface wave number k and Mach number M .  These 
dependencies have been studied for wide ranges of M  and k for N-waves.  The results for M =1.5, 
1.88, 2.38, and k=4, 16 are shown and examined below. 

Α

Α Α

Signal Duration and Ambient Ocean Noise 

In an attempt to make the results more pertinent, we have assumed in the calculations a surface 
signature length L΄=300 ft., a surface-wave slope parameter δ=0.025, and a maximum surface over-
pressure of 2 psf.  This allows the description of sound-pressure waveform in units of psf and second.  As 
seen below, the sound-pressure of interest are found to be well above 0.002 psf corresponding to the 100 
dB (re 1 µPa) level over a signature duration 4-6 seconds.  From the viewpoint of signal’s audibility, this 
observation is helpful in recalling that the maximum sound-pressure level (averaged over one second) of 
the ambient noise in deep as well as shallow water, contributed primarily by ocean traffic, were estimated 
by Wenz [35] and Urick [36] to be 80 dB (re 1 µPa/ zΗ ).  According to the scaling rule based on the 
inverse zΗ , the effect of this ambient noise level on the perceived signal should remain well below the 
100 dB (re 1 µPa) mark, as long as the signal duration does not exceed 100 seconds*.  

Comparison With Flat-Ocean Model  

                                                 
* For a duration of 100 sec, the sound-pressure noise level in this case will be exactly 100 dB (re 1µPa). 
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The results obtained for the deep water at z=5 corresponding to the depth level zL΄=1500 ft are 
presented in Figs. 3.13a, 3.13b, 14b, and 15b, showing unquestionably the dominance of the surface wave 
train effect  over the corresponding signals of the flat-ocean model, .  Data computed for the latter 
are plotted in solid diamond symbols but are so densely packed that they appear as a thick solid curve.  
Even at a depth level as close to the surface as z=0.50 (corresponding to 150 ft. below the surface), apart 
from the distinct ringing feature absent from the flat-ocean analysis, a peak overpressures 40% higher 
than Sawyer’s prediction are found in most cases studied. 

2p′ 1p′

Effects of Surface-Wave Number Change 

The effects of increasing k can be studied with Fig. 3.13a for k=4, M =1.5, and Fig. 3.13b for 
k=16, M =1.5, where results computed for the small and large depth levels (z=150ft, 1500ft) are 

presented.  The results are in accord with the 

Α

Α

zk1  rule from the theory noted earlier.  Similar 
comparisons with same conclusion have been made for M =1.88 and M =2.38.  The instantaneous 
frequency pertaining to the individual carrier wave (wavelet) of the wave package is obviously controlled 
by the surface wave number k.  Increasing k is expected to cause the wave packet more densely packed.   

Α Α

Mach-Number Influence on Wave-field Characteristics  
(i) Overpressure peak.  The wave-packet features are made more distinct by increasing the Mach 

number M .  The peak overpressure in the large depth level (z=1500ft.) is seen from Figs. 
3.13b, 3.14, and 3.15 to increase successively from 0.035 through 0.05 to 0.09 psf, as M  
increases from 1.5 through 1.88 to 2.35.  A lesser peak increase trend with Mach number is 
also seen at the smaller depth level (z=150 ft.), with the peak overpressure reaching 0.25, 
0.30, and 0.35 psf for M =1.5, 1.88, and 2.38, respectively. 

Α

Α

Α

 
(ii) Carrier-wave frequency.  The number of wavelets seen earlier in the waveforms at M =1.5 

are now seen to give a more densely packed waveform at the higher Mach numbers, 
M =1.88 and 2.38.  Counting the number of peaks in the waveform (or the half of the zero-
crossing number) within a given time interval should give a fair estimate of the carrier-wave 
frequency.  Since the wave form in the forward part is more densely packed than in the real, 
the estimates must be made for the forward and real parts separately.  Applying the counting 
to the forward and real portions of the waveform at depth level z=1500ft. yields two sets of 
frequency estimates:

Α

Α

 
 

ΑΜ  1.5 1.88 2.38 

t  <0 19 Hz 26 Hz 43 Hz 
t  >0 14 Hz 19 Hz 24 Hz 

 
 Similar estimates with slightly less values are found with waveforms at the small depth levels 

(z=150ft.). The frequency downshift/sweep shown is expected from the Doppler principle*.  
This (carrier) frequency variation, however, indicates a (time-wise) build-up process of the 
acoustic power spectrum, namely, as the sound sources pass by, only a portion of the 
spectrum near the higher frequency end will first be built up; the remainders of the spectrum 
in the mid and lower frequency end are completed later (in time).  The examples confirm the 

                                                 
* Frequency down-sweep is commonly reported in works on whale calls [31a,b, 32a,b]. 
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conclusion from the theory that, in deepwater, frequency range of this spectrum is limited to a 
finite interval as in a band-pass filter.  The frequency downshifts revealed by the waveform 
(observed in the rest frame) signifies that, forward, backward (as well as downward) 
propagating waves will be observed in a frame moving with the sonic-boom waves, as the 
result demanded by an acoustics model satisfying the correct radiation condition in the 
deepwater far field.  

 
In passing, we note that as these carrier waves spread and move away, the propagation speed 
observed in the moving frame (identified with that of the crests and troughs) is shown in Ref. 
[29] to be none but the group velocity. 

 

3.7 Non-aligned Wave Trains 

The conclusions drawn on the sound level, frequency range and waveform characteristics 
studied in the preceding section are expected to remain applicable at locations far from 
the flight track and to more general sea conditions involving oblique waves and their 
combination.  A series of calculation was made with examples in this and the next 
subsections to ascertain the degree to which this expectation can be realized. 

As observed earlier, significant effects of the surface-wave interaction can be found only inside 
the (Λ, ) domain for each Mach number M  [Cf. Fig. 3.3].  To see how the underwater wave field 
within this domain holds up for non-vanishing Λ and/or  is the main objective for the study comparing 
solutions for various combination of Λ and  Several examples in ranges of 

Ψ Α

.Ψ
Ψ

Λ <30°, Ψ <30° are 
examined below for a fixed Mach number M =2.38. Α

As will be seen, while the waveforms can be noticeably altered, the magnitude of he peak 
overpressure and the general characteristics of the wave-packet are not significantly changed from those 
with Λ= =0 studied earlier.   Ψ

Only representative results for three (Λ, ) combinations are shown in Figs. 3.16a,b,c, in which 
the overpressure waveforms at depth level z=2.5 in the three cases 

Ψ

 (Λ, Ψ ) = (0, 0),  (0, 30°),  (-30°, 30°) 

are compared, assuming M =2.38 and k=16.  From these examinations, the peak overpressure and 
waveform characteristics are seen not being significantly different from the perfectly aligned case 
Λ= =0. 

Α

Ψ

3.8  Multiple Trains Interference: “Cross Sea” 

Chaotic-like waveforms could be generated with two or three trains running in different 
directions, aptly called “cross sea” [63] in such cases.  In the following, undersea results from two of the 
several cases studied will be examined. 

(i) Example of Obliquely Crossing Trains 
We consider the wavy surface directly under the flight track (Λ=0) made up of an aligned 
( =0) and a non-aligned ( =30°) train.  For simplicity, we assume k=16, δ=0.02 for both 
trains.  The sum of the two yields the  waveform of interest and the result in total 
overpressure  is shown in Fig. 3.17a for the depth level z=2.5.  Evidently seen are 

Ψ Ψ
2p ′

( 21 pp ′+′ )
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the amplified overpressure peaks and the asymmetrical features in the waveform envelope 
caused by the mutual interference of the two crossing surface trains. 

 
(ii) Example of a Special Case: (0, 30˚) & (-30˚, 0) 

Since the entire water column under the flight track is a symmetry plane in this case, the 
overpressure perceived at any point therein is none other than twice the waveform value 
obtained earlier for (Λ, ψ)=(0, 30˚).  The result is shown for the depth level z=2.5 in Fig. 
3.17b. 

3.9 Sonic boom over shallow water 

Existing analyses of sonic boom penetration into water do not account for the presence of 
a sea floor and are not strictly applicable to the shallow coastal water where reflection 
and reverberation within the narrow channel will make the submarine impact much more 
severe.  Additionally and depending on the elastic properties of the sea-floor sediment, 
the latter may resonate in response to hydro-acoustic disturbances generated from a 
sonic boom.  A shallow-water model with a non-wavy surface is used to investigate its 
response to sonic boom; rigid and elastic bottoms are both considered, Examples studied 
confirm that sonic boom can excite sediment boundary waves under suitable sediment 
conditions. 

The theory of Part I and the foregoing studies do not allow the presence of a sea floor. The 
potential sonic-boom impact is expected to be much more severe in the shallow coastal water than in the 
deep open sea.  Here, the adjectives “deep” and “shallow” refer to the ratio of ocean depth to the (sea-
level) sonic-boom signature length, L′h , being much larger and much smaller than unity, respectively.  
The theory extension to shallow water can be readily made, and lends itself to a study of the sediment-
boundary waves.  Occurrence of the latter phenomenon depends critically on the sediment shear-wave 
speed, , which can be very low near the interface of certain sediments.  There have been considerably 
different opinions with regards to modeling the vanishing magnitude of  next to the sediment 
interference and its importance [41a, 66, 67]. In the following we shall examine examples with the 
simplest sediment model to illustrate the potential of sediment wave excitation by sonic boom, proposed 
originally in Desharnais and Chapman’s paper [44]. 

sC

sC

Flat-Ocean Bottom Effect 
The sea-floor effect on the wave field below a non-wavy ocean under sonic boom can be studied 

as an extension of Sawyers’ theory.  For Μ <4.53 (under standard conditions), the elliptic underwater 
problem was solved in Cheng & Lee [39] paper through conformal mapping to a half-plane.  As an 
example for demonstrating the bottom effect and the relative insensitivity of the wave field to the 
bottom’s presence with the exception for its vicinity (and unless 

A

Lh ′ =1/2), we consider a model of an 
open water channel with a variable/adjustable (channel) depth h.  We would like to predict the sonic 
boom generated overpressure at a fixed distance below the water surface, which is taken to be one half of 
the signature length, z= 21 , while the channel depths changes successively from h=8 to h= .21  The result 
of the calculations made for an incident N wave at =1.5 are shown in Fig. 3.18 together with a sketch 
identifying h,  and the coordinates, where the (negative of twice of the) overpressure ratio 

AΜ
L′

 p
p

′
′− max2  
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(measured in a frame moving with the sonic boom wave) is plotted as functions of Lx ′  for five channel 
depths in the range 0.5< Lh ′ <8.  The explicit integral form of the solution for Up ρ′−=′u  is also 
reproduced in the figure. 

Of interest in these plots is the relatively small departure from the Sawyers’ waveform (which is 
valid for an infinite L′h ) as the floor is raised, i.e., as the channel depth reduces, until the fixed 
(monitoring) station/level 21=′z  is reached, where an 80% peak-value increase is found on the sea floor.  
Accordingly, bottom effect may not appear to significantly affect the overpressure field under a flat 
ocean, except next to the sea floor and unless the open channel becoming shallower than Lh ′ =0.5. 

The markedly amplified signal next to the bottom is nevertheless a significant feature to be 
recognized, concerning effects on the sea floor environment.  The likely-hood and issues of exciting 
sediment boundary waves by sonic booms over shallow coastal water will next be briefly examined. 

Sediment-Boundary Waves Under a Shallow Sea 

The 2-D model 

To allow interaction of an elastic, solid bottom wall with the hydro-acoustic medium, a 2-D 
shallow-ocean model is assumed.  For this model three potential functions will be considered.  Namely, in 
addition to the  in water, a scalar potential Ф and a component of the vector potential  for the 
sediment median, will be simultaneously solved.  Each of these potentials satisfies their respective 
acoustics equations pertaining to the three characteristic propagation speed of the media C  and C  
with the subscripts “1” referring to the water, “p” and “s” referring to the compressive waves and the 
shear waves of the elastic medium, respectively.  The speeds  and  can be related to λ and µ and 
density ρ, of the elasticity theory as 

φ Ψ

,p,1 C s

pC sC

 ,22

ρ
µλ

ρ
+

=C  

 
ρ
µ

=2
sC  

Three compatibility conditions across the interface at (z=0) must be satisfied, which express the 
continuity in displacement, normal stress and shear stress. 

Wave-train mode 

For an infinitely extended elastic medium in half space, the three conditions at the water-solid 
interface at z=0, and the prescribed overpressure at the air-water interface z=-h together with a radiation 
condition or evanescent behavior at z→ ∞ (cf. sketches in Figs. 3.19, 3.20, 3.21), suffice for the 
determination of a free-mode (resonance) solution in the wave train form. 

This equation system, with the implicit assumption of the two homogeneous media, is no more or 
less than that for a homogeneous wave guide with an elastic wall modeling ocean’s sedimentary layer (see 
Ref. [60], pp.134-134), and is in common with the mathematical models of submarine earthquake, mud 
slides and large underwater explosion.  The finite depth of the water layer/channel h, or its product with 
the wave train wave number, αh, is an important parameter that distinguishes the system from the 
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Stoneley wave (recoverable from the limit αh→∞)*, and from the Rayleigh wave corresponding a 
vanishing water layer (recovered in the limit αk→0).  Unlike the latter two which are non-dispersive, the 
dispersive property rendered by the finite water depth provides (an infinitely) wider range of over-flight 
speed/Mach-number for resonance excitation. 

Of interest is the free propagation mode, susceptible to excitation.  Unlike wave guide studies 
concerning mainly with signal transmission along the wave guide (in the x-direction), our interest is how 
a traveling acoustic source, such as the sonic-boom wave field over water surface, may excite and 
maintain a sediment boundary wave.  In Desharnais and Chapman’s model [44], a more realistic multi-
layer model representing variable  and  was employed.  Whereas, the homogeneous elastic model 
adopted here offers greater simplicity in the analysis and perhaps more clarity. 

pC sC

The boundary conditions satisfying the interface compatibility requirements, the radiation 
condition far down the elastic sediment medium, and the free-surface condition yield the condition for the 
existence/occurrence of the free (resonance) mode.  The latter condition determines the propagation speed 
or Mach number (of the mode) as a function of the depth-to-wave length ratio, or a function of αh.  Its 
physical occurrence is restricted, however, to a finite range of propagation speed.  This free mode has 
sinusoidal propagating wave along the water-sediment interface and, to be sure, a zero overpressure over 
the air-water interface.  Its wave-field is recognizable as the one produced by a concentrated, moving 
surface force, with which the solution to the wave-field generated by the forcing with an arbitrarily 
distributed surface-pressure under the resonance condition can be constructed. 

Sediment elastic properties selected   

We shall select for this study the type of sediment materials with a shear-wave speed low enough 
to allow resonance to occur at an over-flight Mach number  under 4.53.  From the list of sand and 
mud with (averaged) measured and computed elastic constants, North Pacific sediment, on Table 8.2.1 in 
Clay & Medwin [41a], p. 258: 

AΜ

 1ρρ    sec)/(mC p sec)/(mCs

I. Very fine sand (continental terrace) 1.91 1711 503 
II. Clay (Abyssal hill) 1.42 1491 195 

(1.91) (1711) (1.92) 
 

In above, C  was computed from data of Young’s modules and other (measured) elastic 
constants.  In both examples, the sound speed in air and water are taken to be =331 m/sec and 

=1500 m/sec, respectively. 

s

aC

1C

The shear-wave speed in the second sediment model (clay) is so low that sediment wave can be 
excited even by a subsonic over-flight.  The following will highlight the result of the first model with 
shear speed 503 m/sec. 

Two examples with supersonic flight Mach number: MA=1.5 and 1.36 

With the set of constants assumed for data set I, and the assumption that the water-layer depth is 
twice the signature length, i.e. h=2, the resonance condition gives the admissible Mach number range in 
this case 

                                                 
* Stoneley’s model treats two-adjoining elastic media. 
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 1.35   <    <1.44 (3.2) AΜ

Two Mach numbers  will be considered, one is outside the above range for the free mode, 
=1.5, and the other is inside of it, =1.36.  Overpressure waveform at the sea level for an incident 

N-wave is shown in Fig. 3.19a where the normalized maximum overpressure was set equal to 0.33.  The 
underwater waveform at mid tank (i.e. z=-1) computed for Μ =1.5 is shown in Fig. 3.19b.  As expected, 
no evidence of interaction involving sediment medium can be found.  In fact, the result differs little from 
that of a rigid, flat wall and compares closely with the result for h=1, z=1/2 examined earlier in Fig. 3.18. 

AΜ

AΜ AΜ

A

Next, we examine the results for Μ =1.36 falling in the -range of (3.2) with otherwise the 
same data set.  The overpressure waveforms at the water surface z=-h=-2, at mid tank z=-h/2=-1, and on 
the bottom z=0, are shown in Figs. 20a,b,c.  Unlike the underwater wave field for a rigid, inelastic lower 
wall as well as the elastic wall at =1.5 in the preceding figures, undiminished sinusoidal oscillations 
at large distances in the anticipated form occur at both two lower depths levels.  The oscillation on the 
sediment floor (z=0) is seen to be twice as strong as that at mid channel (z=-h/2=-1), indicating clearly 
that disturbances are generated from the multi-media interaction and radiated upward from the new 
acoustic sources on the bottom.  Examples with other Mach numbers falling within the range of (3.2) 
have also been studied with similar conclusions. 

A AΜ

AΜ

A noticeable feature common to both mid-tank waveform in Figs. 3.20b is the lowering in 
amplitudes and shortening of oscillation periods in the vicinity of the center, x=0(1); the same feature is 
not found, however, at the floor level (z=0).  This feature seems to support a finding reported in 
Desharnais & Chapman’s [44] model study in that spectrum density in certain higher frequency band 
appear to increase with distance from the sediment interface.  According to the present model, an 
explanation at a more elementary level can be made: the feature in question represents the near-field 
effect of the surface N-wave that attenuates and becomes indistinguishable at the bottom but remains 
detectable at mid channel. 

Also of interest are the comparable values of the , , and sC pC 1ρρ selected for our model study 

that results in resonance in the  range 1.35< Μ <1.44 and the representative values C =517 m/sec, 
=1600 m/sec, and 

AΜ A s

pC 1ρρ =1.8 estimated in Desharnais & Chapman’s model.  The above estimate of 
 was made from the power law in Desharnais & Chapman’s sC

 =160(z)  (3.3) sC 3.0

with z in meter, assuming  z=50m.  The Concord flight Mach number reported in the study was estimated 
at 1.75, equivalent roughly to be ~1.5, being not far from the upper  limit 1.44 of (3.2).  (For 
diverging opinions on the shear-speed model, see Refs. [66, 67, 70, 71]). 

AΜ AΜ

3.10 Application to Rocket Space Launch 

Sea level sonic boom signatures generated during the ascent phase of a rocket space 
launch differ drastically from those from aircraft supersonic over-flight not only in shock 
strength and signature length, but also in the wave-form.  Their underwater impact is 
expected to be very different from, and much stronger than, that from aircraft over-flight 
examined earlier. In order to ascertain these differences and to establish bench marks for 
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subsequent impact studies, the wavy-ocean model is applied to an example with surface 
over-pressure of the Focus-Boom type taken from a Titan IV launch record for two sea 
states corresponding to a higher and a lower surface wave number.  Apart from 
establishing the over-pressure range and waveform in the ultrasound domain at small 
and large depth levels, several underwater signal features unique to space-launch sonic 
booms are found. 

Underwater penetration of sonic-boom noise from rocket space launch has been shown by Cheng 
& Lee [39] using a flat ocean model. It differs significantly from that of aircraft sonic booms not only for 
the much longer sea-level signature length, but also in the signature waveform resulting mainly from the 
rocket plume.  The latter gives rise to underwater field characteristics distinctly different from that 
anticipated for a balanced N wave.  In the following, we examine from the available records the distinct 
features of the sea-level sonic boom waveform produced during the ascent phase of a space launch, and 
their impact on the underwater acoustic field.  Examples will be analyzed with both flat and wavy-surface 
models.  The issues and studies on sonic boom above water related to rocket space launch and superboom 
are discussed in Section 5. 

Known and Anticipated Features 

Three overpressure waveforms representing the more severe sea-level sonic booms recorded 
during a typical space launch ascent are shown in Figs. 3.21a,b,c. The overpressure (in psf) shown in Fig. 
3.21a at the sea level was inferred from data recorded during the ascent of Apollo 17 [49] when the 
launch vehicle reached an altitude of 100,00 ft., where the ambient Mach number was about 3.55.  The 
speed of the wave-field movement at the sea level inferred from the calculated wave fronts is estimated to 
be 1,150 ft/sec, which corresponds to a Mach number above water MA = 1.03 and a subsonic underwater 
Mach number Mw = 0.23.  The peak of the sea-level overpressure exceeds 8 psf, while the signature 
length extends over an x-range of  (nearly 2 km). ftL 500,6=′

Similar sea-level signature waveforms were recorded during the ascent of a Titan IV launch, 
shown in Fig.3.21b with a peak overpressure also exceeding 8 psf and a signature length estimated to be 1 
km long.  Figure 3.21c reproduced from Hilton & Henderson [68] gives variants of sea-level overpressure 
wave forms recorded during Apollo 15 launch at different locations from launch site, among which is one 
with U-like double peaks along with the overpressure undershoot, much like the rabbit-ear or U-like 
feature characteristics of the overpressure distributions commonly found with focus booms. 

With the sea-level signature of Fig. 3.22a (same as Fig. 3.21a) as input, the corresponding 
overpressure underwater was computed in Cheng & Lee [39] for a flat-ocean model to depth levels down 
to z = 1.5 L’.  The overpressure at z = 1000 ft and z = 5000 ft corresponding 0.156  and 0.776  are 
shown in Fig. 3.22b and Fig. 3.22c, respectively.  Included also in Fig. 3.22c is a (negative) source-like 
representation for Sawyer’s solution at large depth levels (in dashes), signifying the dominance of a sink-
like behavior resulting from the non-vanishing, negative impulse from the extensive real part of the sea-
level signature.  The latter has been attributed to the divergence effect of the rocket plume. Similar 
underwater features are expected of most space-launch examples in Figs. 3.21a,b,c.  The subsequent study 
on a model utilizing the distribution from Titan IV (Fig. 3.21b) as input confirms the foregoing 
observations for the flat ocean and will reveal several unique physical as well as analytical properties of 
the wave field under a wavy surface. 

L′ L′

Simple reasoning would suggest that owing to the large penetration depth made possible by the 
long signature length , the wavy-surface influence could not play a significant role, as it has been with 
the N-waves.  As a significant source of infrasound production, however, this influence cannot be ignored 
as will be made apparent below. 

L′
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Rocket Space Launch: Infrasound under a Wavy Ocean 

The similarity in shape of 3.21b with Fig. 3.21a (except for the one with double-spike feature), 
suggests that the horizontal Mach number for this data set must be in a supersonic MA-range rather close 
to one, not fallen in the superboom domain.  In the absence of concrete data on MA, we took MA = 1.08 for 
this numerical study.  Assuming a surface sound speed above water as aA = 331 m/sec, this MA-value 
gives a surface speed for the sonic-boom wave as U = 357 m/sec, hence a signature length corresponding 
to the 3 second duration is .  Note that the precise MmL 10723357 =×=′ A is immaterial for the present 
purpose since the Prandtl-Glauert factor is 

 22 )53.4(11 Aww MM −=−=β  

which makes little difference from the values for MA = 1, as long as MA is close enough to one. 

We shall first examine the case with k = 64.  The latter corresponds to a surface-wave length 
.100098.02 mLkL ≈′=′π

)0( =Λ

)(ˆ ξA

 Consider for the present purpose the wave field directly under the flight track 
and a wave train well aligns with the flight track .  As in the analysis for the N-waves, the 

Fourier transform of the surface overpressure in this case was computed.  The inverse Fourier transform 
of the product  with another known function of  and 

)0( =ψ

ξ z  were then be computed to obtain for the 
complex amplitude of the synchronous pressure at different depth level z.  Results obtained from these 
intermediate steps will not be presented here but are documents in Attachment I, Ref. [30], in Figs 
37a,b,c,d.  The detailed examinations in Ref. [30] show good agreement of the far-field formula with the 
more exact numerical evaluation at  (for the same k) ought not come as a total surprise, since 
the far-field formula for large 

125.0=z
zk  is of the form ( ) zkAk ξˆ

∗ .  With k=64, the product zk is large indeed 
even at a rather small z like 81=z . 

To see how the presence of a surface wave train may affect the underwater overpressure 
waveform in the time domain, one must assign a value to  and a realistic scale to the overpressure, for 
which we take 

δ

       025.0=δ psfp 6.8max =′

The latter was adopted in accord with the Titan IV launch record in Fig. 3.21b.  The results are presented 
in Figs. 3.23a,b,c,d for four depth levels z=1/8, 1/4, 1/2 and 1, where the overpressure waveforms of the 
Sawyers flat-ocean model (in light dashes), the wavy-surface contribution (dash-dot curve), and 
their sum (solid curve) are plotted against time in seconds.  Labeled along the ordinates for the 
overpressure in psf are the corresponding units in  (re 1 .  The smooth, sink-like waveform from 
the flat-ocean model reaches down to a (negative) peak as low as at 

1p′ 2p′

dB )Paµ
psf4.0− 81=z  (0.125km) and 

at  (1km), comparable to those found earlier for the Apollo 17 launch (Cheng & Lee 
1998).  While the wavy-surface effects (dash-dot curves) may not seem to contribute noticeably to the 
overpressure magnitude, there is a significant difference from results of the flat-ocean model with regard 
to infrasound production: whereas, the signal durations of 10  seconds of these plots yield extremely 
low frequency in the range of 

psf14.0− 1=z

30−
Hz10130 −

psf dB
Hz6−

1 for the flat-ocean model, the wavy-surface interaction 
generates a wave-packet with frequency in the range of 3 (estimated by counting peaks) and a peak 
sound pressure well above 0 or 120 (re 1 .  To be sure, at the deepest level considered 

, the frequency is in the range of 5 with the wave-packet overpressure 114 (re 1 
.  Accordingly, these infrasound signals at depth level 

Hz5−
02. )Paµ

1=z
)Paµ

dB126−
12 −1  km underwater have durations lasting 
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ondssec3020 − , depending on the chosen cut-off amplitude.  Noteworthy is the frequency downshift 
characteristics, which is typically  downshifting to 1  for depth levels Hz43 − Hz2− km418 −1 , and 

downshifting to  at the larger depth levels Hz5 Hz3 12 −

δ

1  km.  Even though the peaks of the wavelets 
are relatively small, the wave-surface effect does add markedly to the total overpressure.  All results 
shown can be closely reproduced by the semi-analytic procedures based on the far-field formula described 
earlier. 

16=k
16=k

2p′

k
ξ

300300 <<− ξ

zk

( )kA ;ˆ ξ

To see how a reduction in the surface-wave number k may affect the underwater signal waveform 
and intensity, we examine the case of , with MA, and other parameters unchanged.  The results for 

are presented in Figs. 3.24a,b,c,d in an order corresponding to results presented earlier for .  
Of the time-domain overpressure waveforms, a common feature noticeably different from those in Figs. 
3.23a, b, c, d for the higher k is the lower carrier-wave (wavelet) frequency of the wave packet (cf. dash-
dot curves); this is made evidenced by the increased spacing between the neighboring wavelets, expected 
as a result of the four-fold reduction in k. 

64=k

A more significant property upon examining closely these two data sets is, however, a significant 
departure from the large-k behavior observed for the N-wave and other similar signatures in the analysis 
for large kz (Appendix IV).  The peak  from the foregoing calculations for the space launch reveals, 
instead, a slight reduction from that for .  Owing to the importance of this issue, a computer 
program re-run was made for the case of with the range extending much further 
to ; the results change little however from those of the earlier runs. 

64=
64=k −

In the more general case, the far field formulas for high  

 
( )

zk
kAk

p
,ˆ

ˆ 2
∗∝

ξ
 (3.4) 

still holds, as it has been substantiated by the foregoing examples for a fixed k.   Unlike the expectation 
from the N-wave, examination of the computed results in Figs. 3.23 and 3.24 indicate that | | may no 
longer reduce with large k simply as the reciprocal of k’s. Therefore the inverse 

Â
k  rule for  may not 

apply in these cases involving large and different k’s. 
2p̂

The foregoing examinations and comparisons have brought out not only several distinct 
underwater wave field feature unique to the rocket space launch, but also the importance of the function 

; its analytical structure and its relations to physical nature of the wave field deserve more 
thorough investigation in future work. 
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4. Laboratory Study of Sonic Boom Penetration under a Wavy Air-water 

Interface 

4.1 Primary Objective 

Based on the theory of Cheng & Lee [29,30] a relatively rapid program of experimental 
validation was initiated.  The primary objective is to find the theorized effects in the laboratory and 
subsequently map the appropriate parameter space. 

4.2 Laboratory Facility 

Design consideration and specification of laboratory facility, test tank, surface wave 
generator, pressure senor array, electronic and computer supports. 

Due to the implicitly noisy and disruptive nature of the experiments, they were carried out in a 
specially constructed acoustically damped room inside a larger experimental facility.  This laboratory was 
specifically constructed for hypersonic projectile experiments in the late 50’s and is located in a basement 
room with 28 inches (91.9 cm)thick concrete walls.  The acoustical chamber measures 16 x 12 x 8 feet 
(52 x 39 x 26 cm)and has lead sheet foam sandwich walls and roof. Its effectiveness permitted testing 
with no significant noise disturbance outside of the laboratory. The inside walls of the chamber were lined 
with acoustic absorbing/diffusing foam that reduces any extraneous shock reflections that could interfere 
with the measurements. 

A Plexiglas tank of 96 x 17 x 22 inches (315 x 56 x 72 cm) was lined with open-cell acoustical 
absorbing foam and mounted onto an optical table equipped with pneumatic vibration absorbing supports.  
A wider tank of 96 x 42 x 24 inches (315 x 138 x 79 cm) was also constructed, the larger tank would 
allow duel wave-generators to be installed and show the independence of the measurements on the tank 
geometry.  The tank is housed in the acoustical chamber and is separated from the launch device by a 
thick foam-filled wooden wall. A small projectile sized hole in the separating wall permits passage of the 
projectile while restricting the blast associated with each launch from contaminating the measurements. 
The distance between the launcher and the wall was chosen so as to ensure that the projectile had already 
escaped from the launch associated blast wave before it entered the hole in the wall. A fast Darlington 
type phototransistor/photodiode combination fitted inside the wall provided consistent accurate triggering 
capabilities for each run.  Pointed tip, blunt tail projectiles of diameter 7.7 mm and length 30 mm were 
fired from a rigidly mounted launcher and collected in a sand-filled steel box.  Changes in the mis-
distance (distance from the flight path to the water surface) could be made by raising or lowering the tank.  
The launch velocity was measured at 2300 fps (628.8 m/sec) corresponding to a Mach number MA=2.02 
for the laboratory conditions and was found to vary less than 0.3% between runs.  Both the projectile size 
and velocity were kept constant for all experiments. The mis-distance was kept at 13.5 inches (44.3 cm) 
for all of the data presented here.  

Surface capillary-gravity waves were generated by two different wave-generating systems.  The 
first consisted of a span-wise wedge shaped paddle that was oscillated vertically through direct 
mechanical coupling to a pair of moving-coil actuators (speakers).  Due to the fall off in surface wave 
amplitude away from the paddle, it was necessary to position the acoustic sensors relatively close to the 
point of wave generation and adverse effects due to shock reflections from the part of the paddle above 
the water were detected.  These effects limited the placement of the sensors to a minimum of 10 inches in 
front of the paddle, at a location where the surface wave amplitude was marginal.  A second wave-
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generator was constructed from a simple hinged strip of polycarbonate measuring 0.75 x 21 x 1/16 inches 
(3.9 x 3.3 x 0.21 cm) glued to a 1/8 inch (0.41 cm) diameter titanium rod.  The entire mechanism was 
located just under the water surface and was actuated through a slightly more elaborate system of 
mechanical coupling.  This wave-generator was found to be almost invisible to the shock (as it was 
physically located beneath the water surface and had an acoustic impedance close to that of the water) and 
was also capable of producing larger amplitude surface waves; this was used for all experiments 
subsequent to its development.  The paddle could be driven with any arbitrary waveform and was capable 
of a maximum excursion of 7 mm peak-peak.  Figure 4.1 shows a perspective view of the basic laboratory 
setup. 

All pressure measurements were made with Kistler model 211B4 and/or 211B5 type piezotron 
sensors with resonant frequencies of 500 and 300 kHz respectively.  The piezotrons were powered by a 
Kistler model 5124A1 charge coupler equipped with filters in the 30-250 kHz range as was determined 
appropriate based on the analysis of preliminary results, a single unfiltered channel was left in all runs so 
that any unpredicted high frequency effects would not be lost.  The transducers were flush mounted into a 
5/16 inch (1.03 cm) thick Plexiglas plate of width 2 inches using Kistler model 221A sensor mounting 
kits.  Five sensors were typically used across the span with a spacing of 2 inches. Kistler model 1635A 
cables were used to couple the piezotrons to the charge amplifier. The plate containing the sensors was 
secured to a Plexiglas frame with several steps located at known vertical depths.  The frame was fixed to 
the floor of the tank with absorbent foam mounts and lead weights.  The entire array of sensors could then 
be lowered or raised as a group with no changes to the water depth by changing the step locations (this is 
in contrast to the experiments of Intrieri & Malcolm (1973) where the sensors were fixed and the depth 
changed by added or subtracting water to/from the tank.) in this way the distance from the flight path to 
the water surface was kept constant ensuring the same surface forcing for each run.  All data was sampled 
at either 245 or 600 kHz using a National Instruments model PCI-MIO-16E data acquisition board driven 
by a custom Lab View program capable of acquiring pre-trigger data at up to 1.25 Mhz.  The pre-trigger 
acquisition feature enabled the measurement of any launch-associated vibration transmitted through the 
concrete floor into the tank before the arrival of the projectile.  

4.3 Measurements 

Test procedure, projectile speed, reference signature length and measurement period. 

A standardized testing procedure was introduced to ensure both good repeatability and to improve 
on the overall safety of the experiments. The data acquisition computer and charge-coupler were run on 
batteries to avoid line noise in the data.  All other unnecessary electronics were switched off during data 
acquisition to help ensure an electrically quite environment.  All tests were repeated at least twice to 
ensure ongoing repeatability and as progressive improvements to the laboratory setup were made older 
data was shelved in favor of the newer results. Some typical pressure wave-form just above the surface of 
the water are shown in Figure 4.2.  It can be seen that the waveform is asymmetric due to the blunt rear of 
the projectile and the relatively close proximity of the measurements to the flight path.  The speed of the 
projectile was measured at the testing location by fitting 2 piezotrons into a Plexiglas plate with a 
precisely known longitudinal distance between them and placing the plate on the axis of the tank just 
above the surface of the water, the sharp signature characterized in Figure 4.2 provided a sufficiently 
accurate measurement of the projectile speed. Similar data was used to calculate the reference length scale 
based on the incident wave signature hitting the surface of the water L’.  L’ was measured as the distance 
from the positive and negative pressure peaks of the incident wave form and was found to be 8.05 cm.  
Figure 4.2 shows such data. Although the flight time from launcher to collector was less than 6 msec data 
was collected from 8 msec before the launch till 12 msec after the launch.   
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4.4 Flat Water Surface 

Verification of Sawyers’s attenuation rule, identification and control of random and 
repeatable noise sources. 

In order to characterize the impacting wave signature and to re-verify experimentally both the 
Sawyers model [14] and the Prandtl-Glauert rule, a large number of tests were done with a flat air-water 
interface.  Most initial testing was aimed at verifying the repeatability of the incident wave in the air and 
at optimizing the tank/wave-generator geometry so as to eliminate or minimize any reflected/refracted 
shock effects. 

An Initial series of tests were performed to examine the effects of depth level on the over-
pressure attenuation.  Measurements corresponding to the far-field/large-depth attenuation were made at 
depths of 3.41, 8.096, 15.875, 24.13, and 29.845 cm all tests were repeated twice.  The resulting peak-
peak over pressure verses depth level plot is shown in Figure 4.3.   

Figure 4.3 shows a power-law curve fit for the far-field overpressure attenuation of z-1.8 which is 
rather close to the z-2 in Sawyers model.  Individual overpressure waveforms corresponding to the data 
points in are shown in Figures 4.4. 

As can still be seen from Figure 4.4 (which corresponds to typical data taken toward the end of 
the experimental program after many improvements to the signal to noise ratio were made) as the depth 
increased the signal to noise ratio of the measurements decreased and at depths below 15 cm it was 
initially difficult to distinguish the over-pressure signature from the noise. A systematic study aimed at 
isolating the noise source led to the realization that the noise had 2 components, the first component of the 
noise was random in nature and associated with the electronics and data acquisition system, the second 
component proved to be systematic and repeatable and was traced to specific details of the tank/launcher 
geometry.  The random noise was greatly reduced by increasing the charge-coupler gain and improving 
the overall quality of the wiring; a large isolation transformer and UPS system was installed and used to 
power all relevant electronics.  The repeatable “noise”, which appeared as a pre-cursor to the overpressure 
signatures was shown to correspond to upstream disturbances.  These underwater disturbances propagate 
faster than the speed of the projectile and arrive at the measurement station before the incident wave  
reaches a detectable level.  Appreciable change in the form, phase and amplitude of this pre-cursor were 
observed when changes were made to the upstream projectile inlet.  A smooth vertical wall flush with the 
upstream end of the tank appeared to work best, but the amplitude of the pre-cursor still limited the 
maximum depth of useful measurements to 20 cm*. Further investigation showed the existence of “sweet 
spots” at particular longitudinal positions in the tank.  These sweet spots were characterized by almost no 
measurable pre-cursor and were typically 10-15 cm long.  It was found that by introducing vertical span-
wise sheets of low-density open-cell foam (much like a kelp bed in the coastal ocean) at particular 
longitudinal positions sweet spots could be induced in a controlled manner.  The foam sheet which were 
typically a 1/2 inch thick were held down with lead weights and did not necessarily need to cover the full 
span or depth to be effective. They did have a tendency to loose their effectiveness as they became 
waterlogged after a few days of operation.  These foam baffles were never closer than 3 signature wave 
lengths to the piezotrons. 

4.5 Wavy Water Surface 

                                                 
* The positions in the tank where the repeatable, precursor-type disturbances in question are undetectable. 
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Stereo-amplifier generated capillary-gravity waves, surface wave train properties, 
measurement and comparison with Cheng and Lee’s cylindrical spreading rule, wave 
train non-uniformity and other experimental departures from theoretical model. 

The primary objective of the project was to determine whether any measurable difference in the 
underwater signature with and without surface waves could be detected. A large number of ad-hoc tests 
were done over a wide range of the parameter space at a depth of 10 cm, with the sole objective of 
qualitatively finding the ringing effect described by Cheng & Lee [29, 29a, 30].  Evidence of this effect 
was soon found see Figure 4.5  (which shows a typical run from the early stages of the experimental 
program, corresponding to the randomly chosen parameters indicated). The data in Figure 4.5 is noisy and 
the pre-cursor mentioned above can be clearly seen.  Figure 4.6 shows data with and without surface 
waves for one of the later experiments when much amelioration to the experimental setup and data 
acquisition system had been completed. A preliminary systematic exploration of the full relevant 
experimentally obtainable parameter space was subsequently followed. It should be mentioned that due to 
the large difference in the speed of propagation of the surface waves as compared to the speed of the 
projectile, the surface wave field could be considered stationary in all cases.  This results in uncertainity 
in the actual phase of the waves at the time when the projectile is directly above the sensor. This 
uncertainty in the surface wave phase is a source of error in determining the peak amplitude of the 
wavelet packet envelope.  

By performing multiple ensembles for the same experimental conditions the form of the envelope 
can be obtained (as the phase for each run is random). This is illustrated in Fig. 4.6 when the signals 
corresponding the differences between the wavy and flat water surface are shown for two different 
ensembles of the same experiment, in which the true form of the wave packet envelope can be better seen.  

The Generated Wave Fields 

The surface wave fields were generated by forcing the paddle described in Section 2 with a 
sinusoidal signal generated by a BNC Model 625AT Arbitrary waveform generator, the signal was 
amplified using a classical Car Stereo amplifier before being fed in parallel to a pair of high performance 
speakers that were mechanically modified to drive the paddle in phase with their motion.  This technique 
produced surface capillarity-gravity waves that decayed exponentially with distance from the paddle. An 
image of a typical wave field is shown in Figure 4.7. 

Surface Wave Amplitude Measurement 
As predicted by the theory of Cheng & Lee [29,30], it was found that the strength of the 

phenomena was strongly dependant on the surface wave amplitude and surface-wave number.   The 
amplitudes were initially measured using a vertically mounted depth micrometer, which closed a circuit 
lighting a small LED when it made contact with the water surface.  This approach proved laborious and 
inaccurate; in addition this procedure required the installation of an apparatus that had to be removed 
before each test. A non-intrusive optical wave height measurement system was subsequently developed.   

This optical measurement system consisted of a small laser diode that was aimed at an 
approximately 25-degree angle such that the beam was reflected from the water surface onto a screen 
placed just in front of the collector.  Any change in the water surface slope would cause the beam to move 
on the screen. Careful comparisons between the optical and mechanical measurement systems yielded 
differences of less than 8%. 

Using the optical wave height gauge the typical wave heights at any location in the tank could be 
quickly measured.  Due to strong capillary effects at the relatively small scale of the laboratory setup, the 
surface waves exhibited significant decay in amplitude away from the generating paddle.  Figure 4.8 
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shows the wave half height as a function of distance behind the wave-generating paddle for forcing 
frequencies of 5, 6 and 7 Hz corresponding to surface wavelengths λ of 3.1, 4.2 and 6.0 cm respectively. 

Figure 4.8 shows clearly that the shorter wavelength waves have larger decay exponents making 
the generation of a constant wave height wave field more difficult.  Substantial efforts have been made to 
reduce the decay rate by adding a stationary paddle upstream to cause forming a standing wave and by 
adding surfactants (see Attachment 2), but these are not used in the final measurements, owing to 
complications in the resulting waveforms and other reasons. Qualitative diagrams of the measured surface 
wave amplitudes for two of the typical surface wavelengths used in the majority of the experiments are 
shown in Figs. 4.9, 4.10.  Once again it can be seen that the smaller values of λ are associated with larger 
decay exponents, an effect that is to be expected and will be discussed later when the dependence of P2´ 
on λ is examined. 

The Non-uniformity of Delta: Departure from Theoretical Model 

The surface wave amplitudes are characterized by δ=A/λ. According to Cheng and Lee the peak 
amplitude of the envelope P2´, (P2´ =Ptotal (with waves)-Po (flat water)) should increase linearly with δ. As 
δ in these experiments decreases exponentially away from the wave-generating paddle and as the region 
of surface influence increases with the depth of the measurements, only measurements made at relatively 
shallow depths can be expected to have a moderately constant surface wave train amplitude influence.  
Figure 4.11 shows P2´ as a function of δ for a depth of 8.1 cm and λ=4.17 cm.  At depths of less than 
L´~8cm we are typically in the near field for both the flat water and the wavy water attenuations.  As 
these experiments are aimed primarily at verifying the far-field attenuation laws for both the flat and 
wavy air/water interfaces, data taken in the near field (z<L´) where the surface wave trains influencing P2´ 
are relatively constant in amplitude are not useful. For depths greater than L´ where the surface influences 
consist of a region with increasing variation in δ with depth, we expect significant deviation from a linear 
dependence of P2´ on δ.  This is illustrated in Fig. 4.12, where P2´ is shown verses δ for 3 different depths.  
The deviation from linearity at depths of 15 and 29 cm is particularly noticeable for smaller values of δ 
where capillary forces are more dominant making the variability in δ even stronger. 

The values of δ used in Figs. 4.11, 4.12 are measured perpendicularly above the piezotrons and 
do represent some typical value but, due to the exponential decay of δ, they are neither average values, 
nor is their representation constant when either one of the depth, the surface wavelength λ or δ itself is 
varied.  When determining the maximum value of the P2´ envelope from these time traces, the peak 
values are used regardless of their location in the envelope.  The precise location is always noted with the 
intension of using the data from Figs. 4.8-4.12 to determine the approximate value of δ for the particular 
surface wave corresponding to the peak amplitude sub-wavelet within the envelope that gave this 
maximum value for P2´*. 

The Attenuation of P2´ 

The theory of Cheng and Lee [29,30] predicts a far-field 2D cylindrical spreading type 
attenuation of P2´ with depth, corresponding to P2´ ~ εδ/z1/2 where ε is the overpressure ratio ε = 
P´/Pa~0.1.  Figure 4.13 shows P2´/εδ plotted against the normalized depth in reference signature lengths 
L´.  A best-fit line shows an attenuation as z-.55 not too far from the z1/2 predicted by the theory.   

                                                 
* Since the tail end of the measured waveform is affected by disturbances from downstream, the measurement may 
not captured the total acoustic (exposure) energy perceived at a specified depth level, as pointed by the 
commentator. 
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The data in Figure 4.13 can also be represented by normalizing P2´ by the measured values of P2´ 
at one signature depth.  Such normalization is justified as the inverse-square-root attenuation law is only 
valid in the far-field which corresponds roughly to depths greater than 1 signature.  This is shown in 
Figure 4.14, where slightly better collapse of the data is observed and there is better agreement with the 
theory. Here the departure from the cylindrical-spreading rule is seen to be no more than 20%, 
corresponding to a discrepancy less than 2 dB (re.1 uPa ).  Future laboratory experiments will provide 
measurements at depth levels less than one signature length, and will be compared with Cheng and Lee’s 
theory which is not restricted for a large z. 

Individual time traces of P2´ are shown in Fig. 4.15 for 4 different depths, it can be seen that, in 
accord with the theory, as the depth increases the width of the envelope of P2´ also increases and a larger 
number of wiggles can be seen.  The asymmetry in the envelope is clearly seen to increase with depth as 
the area of surface influence increases.  By using Fig. 4.8 it is possible to estimate the local δ for each 
wiggle in Fig. 4.15, for the depth of 29 cm the δ measured directly above the probes is estimated to be 
about 60% the δ responsible for the largest amplitude wiggle to the right in Fig. 4.15 which occurs about 
5 inches downstream of the sensor location.  

Dependence on the Surface Wavelength λ 

The development of the P2´ phenomena is strongly dependent on λ or k and as anticipated from 
the theory of Cheng and Lee there is a specific range of L´/λ where the phenomenon is observed.  
Measurements were made for a range of L´/λ corresponding specifically to λ ‘s of 1.53, 1.87, 2.36, 3.1, 
4.17, 6.0, 9.46, 16.77 and 29.5 cm.  The dependence of the effective δ on both λ and the depth make it 
difficult to isolate the most receptive value of L´/λ without first decoupling the effects of δ, such an 
analysis is presently in progress and using the technique described briefly above should be viable, but 
time consuming.  Nonetheless some preliminary observations can be made.   

A crude estimate of the optimum ratio L´/λ can be obtained from some of the preliminary data 
taken with the first generation (wooden, vertically oscillating) wave paddle and based on mechanical 
measurements of δ. This data is presented in Figure 4.16, and shows an optimum λ/L´ (NOTE 
INVERSION) of about 2.  Some typical plots showing the relative contributions of the total measured 
pressure P´, the flat water component P1´ and the wavy water component P2´ are shown in Figs. 4.17-4.20. 

Non-aligned Wave Trains 

In an effort to ascertain experimentally if the surface-wave influence may be reduced 
substantially by the non-alignment of the wave train normal with the flight track (as in the case of ψ=0 in 
Fig. 3.3), the channel axis was moved from the originally aligned position to a yaw angle ψ=15°, without 
moving the launcher and the flight track. 

Several tests with the yaw were made under otherwise similar conditions for the aligned case. 
Measurement records of overpressure waveform and P'2 amplitude (documented in Attachment 2) show 
no substantial large from the case ψ=0 in which the surface wave propagation direction aligns perfectly 
with the flight track. This is not surprising since, according to Fig. 3.3, ψ=15°, (as well as |Λ|<15°) is well 
within the progressive/effervescent wave domain pertaining MA = 2. Details of these and other 
measurement, and data analysis are examined and discussed in the Attachment II  
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5. Rocket Plume Related Focal and Superboom Problems 

The most intense sonic booms can be expected to occur during the ascent phase of space vehicle 
or supersonic aircraft; the observed and predicted signatures are complicated by features resulting from 
wave focusing and changing of wave field structure due to sound speed variability of the atmosphere [9-
13].  The designations of “focus booms” and “carpet booms” have been used by Plotkin and others [13, 
55, 72, 73] to distinguish sea-level sonic boom (overpressure) signatures having typical features resulting 
from ray/wave focusing from those having none.  Among these typical features is the spike-like, high-
pressure peak associated with a shock.  When the surface (horizontal) Mach number of the sonic boom 
wave becomes sufficiently close to unity, the sound-speed variation in the field can result in wave field 
intensification in the vicinity of the hyperbolic-elliptic transition boundary where nonlinear effects may 
also manifest.  The latter phenomenon is referred to as “superboom” after Hayes [5].  The transition 
boundary/plane beyond which the hyperbolic property of propagating waves cease to apply may be called 
the cut-off boundary.  Available model analyses of the superboom problem are few and incomplete to 
help in identifying its existence from the recorded data.  In the context of sonic boom noise penetration 
underwater, the foremost issue in analyzing the focus-boom and the superboom problems is how to 
predict the exhaust plume effect on the sea-level waveform or to construct a model for simulating its 
effects.  The plume effect and its related superboom problem can be addressed separately in two tasks 

(I) Rocket-plume effect modeling:  Comparing results by different existing models and 
generating new source models. 

 
(II) Superboom model study:  Solving the superboom problem with new boundary 

conditions pertaining to rocket space launch. 
 

The difficulty in task (I) is the great variety in sea-level waveform that can result from minor 
variations in the equivalent source models for the plume.  Whereas, in task (II), waveform data are 
available only for the ground level which cannot be used as the boundary condition at the upper boundary 
of the superboom domain.  The results from studies in these two problems are reported below. 

5.1 Rocket Plume Problem: Saturn V Ascent Booms  

Except for predicting the peak over-pressure, existing sonic boom propagation 
methods/codes have never been successful in reproducing measured sea-level sonic boom 
signature of the Focus-Boom type from either aircraft or space-launch operations.  This 
represents a serious discrepancy for underwater impact study, for which the under-
pressure (negative-phase) part of the sea-level waveform is known to contribute 
principally to the deep water wave-field.  The cause of this discrepancy is believed to lie 
in the determination of the source function with inadequate near-field data from the 
rocket plume. While this discrepancy, as well as the other code break-down treated in 
Sec.5.2, address problems mainly above the water, they are both essential in furnishing 
the surface data needed in underwater impact study for space launch operations. The 
following describes the several computational studies of near-field over-pressure and 
plume-shape effects on the Focus-Boom type signatures.  A high degree of sensitivity to 
plume shape change is demonstrated, while an adequate model for determining the 
correct source function is yet to be found. 

In order to ascertain the capability of existing propagation programs in predicting correctly the 
sea-level waveforms produced by rocket space launch of interest, tests must be made on PCBoom and 
other codes utilizing several candidate “source models” for the exhaust plumes. There have been two 
models of this kind: one is based on a “universal” Javinen-Hill plume model along with the Tiegerman-
Seebass (hypersonic) shock model which has been built in as an option in the Wyle PCBoom3 
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propagation code [72].  The second one employs a subroutine called “Thomas Delta- P/P vs. X” mode 
that utilizes the Ames wind-tunnel model data [73].  The latter was a truncated wooden model simulating 
the exhaust plume, much used in the NASA Saturn V/Apollo study series [73].  It was planned earlier to 
repeat the calculation in Ref. [49] for the Apollo 17 study on PCBoom3 and another NASA propagation 
(Thomas) code, using the same (second) plume-source model as the near-field option—to see if the long, 
negative-phase feature of the waveform can be captured.  The latter has never been made clear in Ref. 
[49] and other existing documents.  

Another important input needed for the calculations is the recorded or designed vehicle trajectory 
and flight history.  It was decided after a search in the NASA archive, with help of J. Mendoza, that 
Saturn V ascent booms, for which records of design trajectory and flight history are available through the 
1965 NASA/MSFF Report [74], were selected for the study; the computation task was to be carried out at 
Wyle Laboratories by K. Plotkin, using mainly PCBoom3.  (The calculations employing the NASA 
Thomas code were abandoned owing to the lack of sufficient computer resource for J. Mendoza).  As a 
support to aid understanding of the exhaust plume issue, a study of the plume-shape influence was also 
made by S. Cheung, using an Euler code.  

The study with PCBoom calculations were made in two categories: one pertains to applications 
implemented with the two source models of the plume mentioned, and the other represents an unusual 
approach which used inputs inferred from field data recorded at the sea level and applied the code in the 
reversed propagation direction.  This reversed approach may furnish a set of near-field data for the 
unknown rocket plume responsible for the recorded sea-level signature of interest; the error in the (ray-
acoustics based) propagation code in the plume vicinity may however cause discrepancies, and some 
iteration cycles with help of an Euler code may be needed for the solution convergence in this case. 

PCBoom Calculation:  Two Saturn V Plume Source Models 

These calculations used the 1965 design trajectory and flight history of Saturn V ascent 
mentioned; an updated version of PCBoom, referred to as “PCBoom3", was used.  As planned originally, 
the two plume source models used were: 

Source Model 1 Universal plume (Jarvinen-Hill) model [75] plus hypersonic shock model 
(Tiegerman-Seebass) [76], 

Source  Model 2  Extrapolated Ames wind-tunnel data via the Thomas delta-P/P vs X mode [73, 
74]. 

 
The Ames data for Model 2 are the pressure signatures documented in NASA Rept. TMX-62, 117 

[74] for ten Mach numbers over a range from 3.01 to 7.29 for a .00053-scale model of the Saturn-Apollo 
launch vehicle complete with an exhaust plume simulated by a wooden aft body. 

One run was made for each source model; two sets of outputs were selected from each run to 
produce a “carpet boom” of which no ray-focusing is evident, and a “focus boom” with features 
characteristic of a caustic.  A total of four sets of outputs were obtained, labeled as: Focus 1, Carpet 1, 
Focus 2, and Carpet 2, detailing sea-level overpressure signature, specific launch and flight conditions 
and wave-field properties. 

With the surface sound speed of 1118 ft/sec, the focus boom in each case is chosen when/where 
the surface (horizontal component) Mach number is 1.146; whereas the carpet boom in each case is 
chosen where/when the surface Mach number is a slightly higher value, 1.167. 
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The computed results in sea-level overpressure waveform for Focus 1 and Carpet 1 are shown in 
Figs. 5.1a and 5.1b, respectively; the corresponding results for Focus 2 and Carpet 2 are shown in Figs. 
5.2a and 5.2b, respectively.  The full length of the signature can be inferred from the waveform duration 
and sound speed for each case:  897 ft. for Focus 1; 921 ft. for Carpet 1; 4,030 ft. for Focus 2, and 3,859 
ft. for Carpet 2.  The boom magnitudes found in Focus 2 and Carpet 2 are too high, being three times 
higher than the corresponding cases with source model 1.  The large differences are believed to have 
resulted from using direct near-field signatures, rather than extrapolating to a larger distance via the 
method recommended in Ref. [73]; the latter allows a strong shock, as well as avoiding an uncertainty of 
a reference length scale (according to K. Plotkin). 

More importantly, both plume source models yield only N-like waves, instead of the single-shock 
followed by a long tail in negative-overpressure phase as expected from recorded field measurement.  It 
must be noted that the real shocks had been built into the method in the analyses with the source model 1, 
and that, in analyses with source model 2, the real shock may not have been avoided, because the 
truncated wooden plume model gave a real shock in the near field.  The latter was considered unimportant 
with regard to the prediction of the front shock and the positive phase of the boom.  Owing to the lack of 
a proper plume source model offering features pertinent to underwater studies, the following study adopts 
an inverse approach.  

The Inverse PCBoom Calculation 

In this analysis, the propagation code (PCBoom3) was applied in reverse time steps, tracing the 
ray path upward from the sea level, using the desired/preferred ground signature as input.  This procedure 
has been known to work for many initial boundary-value problems and applies well on PCBoom3.  In the 
present application, the forepart of the F-function in positive phase and the associated rays are unchanged 
from the original PCBoom3 program; the reverse procedure was employed mainly to the real, negative-
phase part of the F-function, using the corresponding negative-phase portion of the Apollo 15 data 
recorded by Hilton and Henderson [68].  This procedure ought to give an equivalent source next to the 
flight trajectory that should render the PCBoom3 the ability to reproduce the desired ground signature. 

For reasons mentioned earlier, the propagation code cannot be expected to yield exactly the ideal 
plume source unless an iterative procedure involving the use of an Euler code can be implemented and its 
convergence proven.  The results obtained by this method without the benefit of iterations are presented 
in Figs 5.3a and 5.3b for two cases, designated as Focus 3 and Carpet 3, respectively.  They are for the 
same trajectory points as used in the focus and carpet booms for Source Models 1 and 2. Thus all flight 
parameters, surface trace Mach numbers, etc. are the same. 

In spite of the limitations and seemingly ad hoc nature of the procedure, the results do produce 
the expected single-shock, followed by a long, negative-phase over pressure features in each of 
Figs.5.3a,b.  A favorable feature in Fig.5.3a is the retention of the spike-like, high peak characteristics 
seen from most recorded focus booms.  Its appearance should not be too surprising, since it was retained 
through the use of the Tiegerman-Seebass shock model for the forepart, independently from the inverse 
procedure. 

Grazing Incidence: Post Focus Booms  

Whereas the most intense booms from space launches pertain to the focal booms with surface 
Mach numbers typically not far from 1.1, there are booms generated during the early ascent phase riding 
along shallow ray paths which reach the ground/sea level at grazing angels with surface Mach number 
much closer to unity than 1.1.  This type of booms are called  “post-focus booms” by many on account of 
their relatively late arrival due to the additional signal traveling time needed on the longer grazing paths.  
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The boom intensity predicted by the standard propagation method in this case is expectedly low, but the 
measured over pressure on the ground could be much higher, by virtue of the superboom phenomenon 
expected to occur about the cut-off point nearby. [We must quickly point out that superboom should not 
be associated with a post focus event in aircraft sonic boom studies].  Figure 5.4 shows an example of 
post-focus boom overpressure associated with a grazing ray, calculated by PCBoom3, for which the 
surface Mach number is 1.05. 

Additional Plume Sensitivity Study 

To better understand how shape change in an infinitely extended exhaust plume may affect the 
negative-phase of the sea-level waveforms, S. Cheung performed CFD wave field analyses for three 
distinct plume-shape changes, using an Euler code in the symmetry plane.  For this study, a uniform 
atmosphere was considered and the acoustic signals were emitted from the vehicle at 70 body lengths 
from the ground.  Three plume geometries and the resulting ground overpressure signatures from the 
analyses are shown in Figs.5.5a,b, 5.6a,b and 5.7a,b. [Fig.5.5c shows the bow shocks and the Mach-wave 
system for the plume model of Fig.5.5a]  While vastly different ground overpressures result from the 
three after-body shapes, the one in Fig.5.5a with the milder aft sectional narrowing trend gives an 
extended negative overpressure phase similar to those of the recorded focus booms.  The large positive-
phase portion of the waveform, lacking the spike-like peak, in this case is understandable, because this 
model analyses did not allow trajectory curvature and vehicle acceleration, and therefore features from 
ray/wave focusing should not be expected. 

Conclusions from Exhaust Plume Studies 

The foregoing study suffices to indicate the following observations: 

(i) The sea-level sonic boom waveform, the negative-phase part in particular, is very 
sensitive to the near-field input representing the effect of the rocket plume; improved 
source model resulting from a (uniformly) valid near-field approximation of the exhaust 
plume effect is essential for solving the as-yet unpredictable signature problem in space 
launch application. 

 
(ii) Baring those “post-focus booms”, computed and measured sea-level sonic boom 

signatures from rocket space launches to-date all fall in the class of focus booms, 
involving no “cut-off”, i.e. no superboom; on the other hand, whether a superboom wave 
field may still be found under a focus boom remains to be answered. 

 
(iii) In as much as existing sea-level overpressure signatures from measured records are not 

believed to pertain to superboom, the data can be directly applied to the ocean surface as 
input for sonic boom penetration study.   This observation lends support to the direct use 
of the Titan IV signature shown in Fig.3.21b as input for the underwater penetration 
study.  

 
5.2 The Super-Focus Booms:  CFD Study 

The standard wave propagation method may also break down where the local sound 
speed exceeds the horizontal component of the sonic-boom wave speed.  The latter 
situation becomes critical when this location occurs near the ground or sea surface and 
will result in significant signal intensification according to the super-boom theory.  The 
very same condition is expected to occur during each rocket space launch when sonic 
boom first reaches the ground level.   It represents the strongest among booms reaching 
the ground/sea level subsequently, and is therefore an important problem to be 
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investigated for sonic boom impact study, especially for understanding its role in 
amplifying an already very strong Focus-Boom wave.  In addition to several significant 
wave-field properties brought out by the CFD analysis, the study described below 
confirms the substantial intensification power of the superboom. 

Problem Background 

Sonic boom prediction method using standard propagation codes must be implemented with 
special treatments where ray focusing and/or cut-off phenomena occur.  As noted earlier, the latter 
represents a limit/boundary between the hyperbolic and elliptic domains (in the Galilean reference frame) 
that may occur in an atmosphere with sound-speed variability.  The phenomenon involving the cut-off has 
been termed the superboom after Hayes [5, 53], for its expected power of signal magnification, although 
it could well be considered a special ray-focusing event occurring in the vicinity of a caustics, which 
happens to be a cut-off (transition) boundary.  We shall continue the used of Hayes’ term to distinguish it 
from other focusing phenomena, of which the occurrence do not require the existence of a cut-off 
boundary. 

Whereas, focus booms and superboom may occur independently, in combination, or concurrently 
(in Coalesce), it is unclear, in the context of the space-launch application, if a genuine superboom can be 
identified from any of those strongest booms recorded during the ascent phase of rocket space launches.  
More specifically, the existing information reported in reports and archives [13, 49, 55, 68, 72] do not 
furnish sufficiently accurate data of those “focus booms” for determining whether the “surface Mach 
number” is slightly above or below =1.  These booms have been accepted as focus booms on the 
basis of computed results from standard propagation codes [49, 68].  These observations/believes cannot 
answer, however, the question: whether a slight/moderate change from the standard atmospheric, or from 
the real atmosphere during a launches, could find the superboom to occur in combination with, or right 
underneath, or preceding, the “focal boom”. 

AM

The CFD analyses of the superboom problem was undertaken here not only for its expected wave 
field-amplification feature in general [56, 57] but for answering the above mentioned question concerning 
its specified role in space-launch sonic boom prediction.  Several wave field properties, brought out from 
the analysis, especially the applicability of a linearized theory, should be extremely helpful for developing 
an analytical approach to the interaction problem of superboom and wavy ocean. 

There is, however, a problem of obtaining the appropriate incident focus-boom data for the input 
for CFD calculations, since most documented (measured and computed) pertain to the overpressure at the 
sea level.  Owing to the absence of resources for propagation-code utilization that can generate the type of 
input in question (cf. discussion in Sec. 5.1), we considered an atmosphere which is modified (slightly) 
from the standard version.  This modified atmosphere represents an analytic continuation of the standard 
model to altitude level (slightly) below the sea level; it may be regarded as being resulted from an 
atmospheric temperature change that raise the standard distribution upward (slightly), or from flying over 
a region warmer than in the standard model.  With this moderate atmospheric change, the measure 
overpressure signature from a Titan IV test may then be applied (at the upper boundary) as input to the 
superboom CFD analysis. 

In the following, we shall summarize briefly the governing equation system for the CFD problem 
and the important boundary conditions, followed by a short description of the difference equations and the 
basic numerical procedures and algorithms.  Examples for an incident focus boom and for an incident N-
wave are discussed. 

Nonlinear Tricomi Equations and Boundary Conditions 
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Following Hayes [5], the perturbation velocity potential  in the superboom domain is governed 
by a partial differential equation (PDE) of the same form as the (steady) transonic small-disturbance 
equation (in standard notations aerodynamics) 
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time-dependent acceleration effect through a modification in the coefficient ( )21 M− , and through the 
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where ∆ is a scale height,  is the reference signature length and a is the sound speed.  For space-launch 
applications, the RHS of (5.2) is typically ( )
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Hz27.0~310 31−  so the time-dependent LHS of (5.2) may not 
appear to be extremely small.  This effect, however, is not expected to assume a dominant importance for 
the present study; the analysis will focus mainly on the influence of the hyperbolic-elliptic transition 
through cut-off boundary.  The acceleration influence may nevertheless enter indirectly through the focus-
boom signature prescribed at the upper boundary resulting from vehicle path bending and speed changing 
on a larger (global) scale. 

This PDE can be reduced to a parameter-free, canonical form which embraces the transitional and 
nonlinear features on an equal footing 
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where a linear sound speed decrease with increasing height is assumed and Γ  is the ratio of the pressure 
scale height to the sound-speed scale height 

1

 15.01 ≈
∂
∂∆

≡Γ
z
a

a
 

for the standard atmosphere.  In this nonlinear version of the Tricomi equation, the transition boundary 
occurs at .  0~ =z
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Let us consider the problem in which the overpressure  and the horizontal wave speed are 
known at the height  where the sound speed and pressure are  and , respectively.  Also known are 
reference surface Mach number and the maximum overpressure ratio 
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The upper boundary condition in this case may then be expressed as 
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Inspection of this PDE system shows three important parameters entering through the boundary 
conditions (5.6a,b) and (5.8).  Namely, 
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At the upper boundary , corresponding to where  is small compared to the scale 
height, but may be larger than, or comparable to, the signature length, depending on how close is  to 
unity, i.e. 
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Two Examples: 
The chief study objective is to examine whether the focus-boom like Titan IV surface 

overpressure in Fig. 3.21b can be meaningfully used (after being reduced by one half) as input to a 
superboom wave field in the extended, standard atmosphere in which a cut-off boundary can occur.  An 
example of superboom with an incoming N-wave was also studied to exhibit contrast with results from 
the space launch.  The Mach number  for Titan IV waveform was taken to be 1.06 which is the same 
estimate for the surface Mach number  of the Titan IV focus-boom, being not very far from =1.03 
estimate by Cheng & Lee [39] for the Saturn V-Apollo 17 field measurement, and the =1.146 
estimate by K. Plotkin (cf. Sec. 5.1) for Apollo 15 focus-boom.  The same  is adopted for the case of 
incident N-wave. 
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The two sets of parameters, normalized variables, and the upper boundary conditions used in the 
subsequent calculations are  
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Numerical Methods 

The First and Second Order accurate schemes of Engquist and Osher [77] were used to solve 
numerically the canonical superboom problem.  The study was undertaken by M.M. Hafez and E. Wahba 
at Univ. Calif., Davis. 

The First-order scheme 

A type-dependent first order scheme is applied to the governing equation (5.3) resulting in 
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The Second-order scheme 

A type-dependent second order scheme is applied to the governing equation resulting in  
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where again 
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Linearization of the flux 
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Due to the non-linearity of the 
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xφ  in the function (f), a linearization method has to be applied 

to this term.  Newton’s method is used to linearize 
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where  and f are evaluated at the mid-segment.  The grid used in the numerical solution was generated 
based on: 

xφ

 ∆ x = ∆ y =  0.01  

Finer grids are used in examples where accurate descriptions are needed. 

A block iterative scheme was selected to solve the system of simultaneous algebraic equations.  A 
tri-diagonal solver, based on Thomas’ algorithm, is used for inversion along each z-column.  Successive 
sweeps in the x-direction are applied till convergence is achieved (namely, the maximum residual 
becomes less than 10 ).  While the first-order Engquist-Osher (E-O) scheme is known in ensuring a 
monotone shock transition, the second-order E-O scheme has the merit of avoiding non-physical 
“expansion shocks”.  The second-order scheme was used in most examples studied below. 
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Numerical Results 

Solutions to the superboom equation using similar relaxation methods have been presented in 
Refs. 56-58; these works addressed mainly the problem for incident N-waves, employing numerical 
algorithms and for parameter sets different from those shown in sets (1) and (2) above.  Results from the 
example for parameter set (1), which employs the “Titan IV focus-boom” as input data on the upper 
boundary, will first be studied.  The solution for parameter set (2) for an incident N-wave pertaining to 
aircraft booms is examined later; the results will illustrate features in contrast, as well as in common with, 
the space-launch boom of set (1).  

Model of space-launch superboom 

The PDE (5.3) was solved with the boundary condition and parameters of set (1), using a 
measured “Titan IV focus-boom” as input at the upper boundary.  As indicated, the analysis intends to 
model a superboom problem in an (slightly) extended, standard atmosphere to allow occurrence of the 
cut-off plane near the ground/sea level.*  Results were obtained for three ground levels relative to the cut-
off/transition plane, . grzz =

Figures 5.8a,b,c show numerical results obtained for (negative of) overpressure signatures at 
successive heights for three cases with ground level set at z = 0, -0.20, -0.50, using a mesh of 

  Forgiving at the moment the shortcoming of a shock-capturing algorithm implicitly used 
here on a rough grid (well known and accepted in CFD community), the solutions do substantiate the 
expectation for the “virtue” of signal amplification, being particularly evident near the transition plane 
(z=0, see Figs. 5.8a,b).  The smoothness in the ground signature profiles in Figs. 5.8b,c suggests that sonic 

.01.0=∆=∆ yx

                                                 
* The depth increase called for the extended, standard atmosphere in this case is estimated to be no more than 3 km, 
comparable to the height of Mt. Wilson in southern California. 
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boom shock will not reach the ground for ,2.0≤grz corresponding to 600 m below the cut-off plane in 

this case.  It is unclear, however, if the maximum overpressure near the transition plane may exceed the 
peak of the input (Titan IV) signature, owing to the uncertainty in the rough-grid accuracy.  Curiously, the 
strong recompression in the ground signature of Fig. 5.8a would suggest an unexpected N-wave like 
feature, even though the “Titan focus-boom” has only single peak and shock.   

These ambiguities are clarified by the results presented in Fig. 5.9 in which the earlier results of 
Fig. 5.8a are compared with results from the finer grids:  (in dashes), and ∆  
(in dash-dots).  Here, the sharpen front shock on the ground attends a peak more than twice the peak in 
the original Titan IV signature, and the recompression suggesting a real shock in Fig. 5.8a disappears into 
small dispersive wiggles.  The focus-boom like space-launch signature is thus seen to be amplified in 
accord with the superboom theory.  The physical reality of the dispersive oscillatory feature following the 
recompression seen from Fig. 5.9 may be suspect.  This feature reveals, in fact, a minor flaw of the 
Engquist-Osher scheme.  This comment is supported further in its application to an example of N-wave in 
a uniform supersonic flow (not presented here). 

005.0=∆=∆ yx 0025.0=∆= yx

The numerically small value of ∗∈  controlling the input at upper boundary in both parameter sets 
(1) and (2) suggest that the nonlinear term in (5.3) can be important only in the immediate vicinity of the 
transition boundary z=0.  The significance of the linear domain, where the superboom wave-field can be 
described by the Tricomi equation in its original linear version, has been recognized in earlier numerical 
studies mainly in the context of aircraft sonic booms [56, 57]; the condition for its existence was not as 
apparent as in the present form.  To assess how adequate can be the linearized version of (5.3), we repeat 
the line-relaxation procedure to (5.3) without the nonlinear term, and compare the results with the 
corresponding nonlinear solution, using the same grid.  The latter has a mesh of  which 
should suffice for the purpose.  The nonlinear solution (in solid curve) and the linear solution (in light 
dashes) are compared for the case =-0.5 in Fig. 5.10.  They are almost undistinguishable with minor 
differences noticeable only at the lower pressure peaks.  The close agreement support the expectation that 
a linear superboom theory can furnish a useful extension of sonic boom prediction methodology, while 
analytical and refined numerical analysis, extending the works of Refs. [13, 54, 78] may be needed to 
treat the non-uniform approximations in the shock vicinity and in approaching the transition (cut-off) line. 

01.0=∆=∆ yx

grz

Superboom under an incident N-wave 

We next examine the superboom wave-field structure under an incident N-wave (from, say, a 
carpet boom), using the boundary condition and parameters of Set (2).  The results of the (normalized, 
negative) overpressure at different heights computed with  are shown in Figs. 5.11a,b for 
two cases with the ground lying below the transition plane, i.e. =-0.20, -0.50.  While the trend of 
amplification in approaching the transition line is apparent, the pronounced asymmetry resulting from the 
much greater amplification of the real shock is noteworthy.  The latter feature is in accord with results 
found for nonlinear calculations of aircraft superbooms, especially with regard to the persistent 
appearance of the real shock below the transition line where the front shock has disappeared and become 
a weak compressive wave.  Results obtained from finer grids are expected to further substantiate the 
foregoing observations, and to make the real shock compression sharper and stronger.   

01.0=∆=∆ yx

grz

In summarizing the CFD superboom study, we conclude that the incident focal boom from space 
launch can be greatly intensified upon approaching the transition plane, with a significant increase in the 
peak overpressure.  The wave-field structure is affect little by the nonlinearity, except in the vicinities of 
the transition plane and the shock, where a much finer CFD analysis together with proper implementation 
of the analytical methods [54, 78] are still needed for the maximum peak pressure determination.  [Thus 
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very intense focal booms observed in field measurement could have been the working of an underlying 
superboom].  Unlike a space-launch which lacks a prominent rail shock, the latter in the case of an 
incident N-wave is vastly amplified on the approach to the transition plane and persists even beyond 
(below) the cut-off line.  The more complete study is detailed in subsequent papers by M. M. Hafez and 
E. Wahba. 
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6. Conclusions 

Underlying the key features in the experiments and analyses are the time-dependent, acoustic 
source produced by the (weakly-nonlinear) interaction which, in turn, generates dispersive waves in a 
moving frame underwater, with a continuous spectrum of finite bandwidth.  In progressing into deep 
water, these waves disperse into a packet of (quasi) monochromatic, cylindrically spreading wavelets; the 
result overwhelms the otherwise, primary flat-ocean wave field by virtue of its much slower attenuation 
rate. 

Several different series of laboratory measurements were made during the 6 months of testing.  
Due to continuing development and improvements in both the data acquisition and other measurement 
systems, each series of experiments was treated independently; typically the older data was quickly 
exploited then discarded once the desired changes (improvements) were achieved.  This approach 
provides adequate verification of any questionable results under slightly different experimental conditions 
(different tank, microphones, wave-generator, projectiles, room geometry etc.) and contributes to the 
overall robustness of these results. The principal quantity of interest is the maximum peak overpressure 
associated with the waveform, as this will best allow localization of the region in parameter space with 
maximum sensitivity to the phenomena. 

In spite of the limitations in the experiment designed for a relatively rapid validation of theory, 
the significant difference in deep water overpressure between wavy and non-wavy surface models are 
found in accord with the theory. Within the important parameter ranges of the theory, the experiments 
confirms the dominance of the wave-surface influence in deep water; the results substantiate Sawyers' 
inverse-square rule for a flat water surface and the cylindrical-spreading rule for a wavy interface in 
agreement with Cheng & Lee’s analysis. Although a detail spectral analysis of the measurements was not 
made, the crucial spectral data are all contained in the waveforms recorded. Some unique deepwater 
spectral properties, such as the frequency downshift and the spatial similarity, are already apparent from 
the waveforms observed. 

The original interaction analysis has been extended to calculations for general (non-N) sonic-
boom waves and also to treatment of multiple, non-sinusoidal surface wave trains.  Of significance is the 
indication from the examples pertaining to supersonic over-flights that disturbances of 100-130 dB (re 1 
µPa) in the 10-40 Hz range are perceivable at depth levels 50-500 m., over a duration of 2-4 sec.  The 
peak over-pressure and frequency are shown to increase markedly with surface Mach number MA and 
surface-wave number k, while moderate changes are found with non-alignment of the wave train with the 
flight track (as long as it is within the progressive-wave domains displayed in Fig. 3.3).  Noteworthy 
among the time-domain waveforms are their common features of the frequency-downshift and the inverse 
square-root rule in the reduced depth variable kz, for moderate and high k. 

Of interest to space launch applications is the example with an incident focus-boom waveform, 
characterized by a single over-pressure peak and a long, negative-phase portion extending to 1 km.  The 
calculation reveals that infrasound in the 1-10 Hz. Range at 100-125 dB (re 1 µPa) is perceivable at depth 
levels down to 1 km, with a duration 20-40 sec.  While the far-field formula and the cylindrical spreading 
rule are seen working well, the aforementioned high-k scaling rule does not apply to this case with the 
focus- boom signature as input.  The long pulse duration of 20-40 sec. found may increase the exposure 
period to ambient ocean noise and raise the issue of masking the signals in question.  However, based on 
the 80 dB (re 1 µPa/√Hz) maximum established for the averaged vessel traffic noise, which has been 
considered the predominant noise source of the ocean [35, 36a], the latter level may be raised to an 
effective level of 96 dB (re 1 µPa) for the 40 sec noise exposure mentioned, and is therefore still lower 
than the 100-130 dB level of concern here. 
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Extensive studies with PCBoom and other propagation codes (Sec. 5) indicate that existing 
prediction methods, while adequate in predicting the peak over-pressure of a “focus boom”, are 
inadequate for predicting the aft, negative-phase portion of the sea-level signature.  The latter was, 
however, found to be very sensitive to the assumed exhaust-plume geometry, or the near-field source 
model, but is vital for determining the wave field underwater as well as the superboom occurrence.  In the 
absence of appropriate input data (for the standard atmosphere), the CFD super-boom study employs a 
(slightly) modified standard atmosphere and shows that a super-boom can occur under a focus boom and 
significantly amplify its intensity.  

With the significant influence of surface waves made evident by the foregoing study and the 
limitations of the laboratory and analytical models, field experiments remain the critical stage for 
ascertaining the adequacy of the prediction methodology in question. Equally important is the comparison 
of estimates derived from the model, tank tests and field measurements with established risk criteria for 
marine mammal harassment and harm to other endangered species.  Apart from lending support to field 
tests and analyses of risk criteria, analytical and laboratory studies shall be continued to resolve untreated 
critical issues, to solve newly identified problems, and to assist establishing new assessment guide lines. 
The following summarizes the unresolved/unsolved problems and research needs under five main 
categories, which are judged essential toward achieving the program objectives of protecting ocean 
environment and sea lives. 

I. Need for wider parametric and type coverage; graphics and audio 

Space-Launch Examples—Available recorded/computed sea-level sonic boom signatures 
pertinent to modern space-launch operation needs must be included in a more extensive 
wave-field study. 

Wider Parameter Coverage—Ranges of Mach number, surface wave number, wave height, wave-
train alignment angle, etc. should be enlarged to allow more realistic representations; an 
analytical development for high surface- wave-number is included. 

Graphic and Audible—Static and cinematic contour plots illustrating wave-field penetration 
depth and time sequence are needed to reach a wider audience and aid insight; audio play-
back in synch with computed wave packet in transit is also expected to help in this respect. 

II. Marine mammal response to audio playback 

Underwater Experiments with Marine Mammals—Over-pressure signals computed from theory 
for deep water is broad-cast and directed to a marine mammal species (preferably not too far 
from the surface on a calm sea ) in close range, in an audio play-back experiment under water 
to observed/record the animal’s response to the predicted deep-water sound.  The project is to 
be carried out jointly with marine biologists and will provide data and understanding which 
may not be obtainable otherwise. 

III. Shallow-water response to sonic booms 

Non-Wavy Shallow Water—Large parameter domain of a flat, shallow ocean, including the limit 
of a vanishing depth, must be explored and ascertained.  The work will be a joint theoretical 
and experimental effort.  

Wavy Shallow Water—Response to sonic boom in this case has not been analyzed thus far; 
laboratory investigation is expected to precede theory in this study.  

Sediment Boundary Wave Excitation—Studies will include greater varieties in elastic properties 
and in shear-wave speed distribution, including the singular problem of a vanishing shear-
wave speed at the sediment interface; the study will be made jointly with seismic-
acousticians; laboratory study in limited scope will be considered.  
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Near-Surface Wave Field of a Wavy Ocean—The results, not thoroughly delineated thus far, may 
impact significantly the study of potential physiological harm to a broader animal group, 
including dolphins and seals.  

IV. Non-uniform surface wave train and other laboratory issues 

Attenuation and Compactness (Finite Length) of Surface Wave Train—In response to the 
capillary wave decay observed in the laboratory measurement, a new theory is being 
developed to address non-uniformity in surface wave train due to attenuation and other shape 
changes; the analysis multi-scale and Laplace transform technique.  Test of theory will be 
provided by comparison with underwater measurement for laboratory-generated compact 
wave train.  

Laboratory Studies of Making Longer and More Uniform Capillary-Wave train—Efforts include 
surface-wave generation with blowing fans, and the use of larger projectile and surfactants.  

Side-Wall Effect—The effect will be substantially reduced in experiments made in the larger test 
tank, which has been constructed and will be available. 

V. Ariel sonic boom propagation method break-down 

Near-Field Data Inadequacy—CFD method will be used to improve full-length modeling of the 
rocket plume and its near-by wave field to furnish correct input for the propagation code. 

Super-Boom Analysis Improvement and Extension—New, appropriate input data at the upper 
boundary will be generated from a propagation code for the standard atmosphere; a non-
dispersive, finite-difference scheme are to be used to avoid unwanted algorithm generated 
wavy features; grid refinement or shock-fitting treatment shall be used to determined the 
correct peak over-pressure.  Match-asymptotic theory can be used to solve the quasi-linear, 
super-boom problem; the approach promises an extension for the interaction with a wavy sea 
surface. 
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Captions of Figures 

Fig. 3.1 Schematic representation of the interaction problem, showing variables and quantities used 
in the analysis. 

Fig. 3.2 Sketch illustrating the sonic boom impact zone in a horizontal reference plane, with 
surface-wave crests represented by thin solid lines.  The two sets of coordinates (x, y) and 
(x΄, y΄) fixed to the moving frame, with Λ and ψ identified with the local swept angle of the 
surface impact zone and the non-alignment angle of the surface-wave vector, respectively. 

Fig. 3.3 The boundaries in the Λ-ψ realm enclosing the cylindrical-spreading domains for four 
surface Mach numbers = 1.05, 1.5, 2.0, and 3.0, in which the surface-wave interaction 
effects attenuates according to the inverse square-root rule.  

AM

 
Fig. 3.4 Semi-analytical integrated results of real and imaginary parts of the normalized 

contribution to the synchronized surface pressure (x΄, 0) for N-wave at = 1.821, k=4. 2p̂ AM
 
Fig. 3.5 Real and imaginary parts of the Fourier transform of (x΄, 0) for N-wave with = 

1.821, k=4 and their comparison with exact, analytic results. 
2p̂ AM

 
Fig. 3.6 Real and imaginary parts of the synchronized surface pressure (x΄, ) for N-wave with 

= 1.821, k=4 at depth level z=0.5, and their comparison with corresponding far-field 
solutions. 

2p̂ z
AM

 
Fig. 3.7 The real and imaginary part of (x΄, z) at depth level z=2.5, with conditions otherwise 

same as in the preceding figure. 
2p̂

 
Fig. 3.8 Time-domain waveforms for overpressure at the reference surface z=0 produced by an 

incident N-wave at = 1.821, k=4 for computed maximum surface slope, δ = 0.02, from 
the flat surface (in dashes), from the surface-wave interaction effect (dash-dot curve for δ = 
0.02), and from the sum of the two (solid curve). 

AM

 
Fig. 3.9  Time-domain waveforms of overpressure at depth level z=0.5, with conditions otherwise 

same as in preceding figure. 
 
Fig. 3.10 Time-domain waveforms of overpressure at depth level z=2.5, with conditions otherwise 

same as in preceding figure. 
 
Fig. 3.11 Real and imaginary parts of the Fourier transform of (x΄, 0) for N-wave with = 1.5, 

k=4, and their comparison with corresponding results from the general numerical code, as a 
test of the program. 

2p̂ AM

 
Fig. 3.12 Real and imaginary parts of (x΄, ) at depth level z=2.5 for N-wave with = 1.5, 

k=4, with conditions otherwise same as in preceding figure, and comparison with results 
from the general code, as a test of the code accuracy. 

2p̂ z AM
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Fig. 3.13a,b Example of underwater time-domain overpressure waveform produced by N-wave with 
=1.5, surface-wave number k=4, maximum wave slope δ=0.025, sea-level signature 

length L΄=300ft., and maximum sea-level overpressure 2 psf, at two depth levels: 
z΄L΄=150ft and z΄L΄=1500ft. 

AM

 
Fig. 3.14a,b Example of underwater overpressure waveform produced by N-waves with = 1.88, 

k=16 at two depth levels, with conditions otherwise same as in the preceding figure. 
AM

 
Fig. 3.15a,b Example of underwater overpressure waveform produced by N-waves with = 2.38, 

k=16 at two depth levels, with conditions otherwise same as in the preceding figure. 
AM

 
Fig. 3.16a Example of N-wave interacting with surface-wave train: overpressure time-domain 

waveform with = 2.38, k=16, δ=0.025, at depth levels z=2.5, for Λ=0, ψ=0. AM
 
Fig. 3.16b Overpressure time-domain waveform at z=2.5, for Λ=0, ψ=30 deg.; conditions otherwise 

same as in preceding figure.  
 
Fig. 3.16c Overpressure time-domain waveform at z=2.5, for Λ=-30 deg., ψ=30 deg.; conditions 

otherwise same as preceding figure. 
 
Fig. 3.17a Example of sonic boom interacting with a “cross sea” (multiple wave trains with different 

non-alignment angles): overpressure time-domain waveform at depth level z=2.5 in the 
presence of two wave trains (Λ, ψ) = (0, 0) and (Λ, ψ) = (0, 30 deg.); conditions otherwise 
same as in Figs. 16x.a and 16x.b. 

 
Fig. 3.17b Example of sonic boom interacting with a “cross sea”: overpressure time-domain waveform 

at depth level z=2.5 in the presence of two wave trains (Λ, ψ) = (0, 30 deg.) and (Λ, ψ) = (0, 
-30 deg.). 

 
Fig. 3.18 Example illustrating sea-floor influence on underwater overpressure waveform: N-wave 

incident upon a flat interface.  In this examination, the depth level z (distance from the 
interface) is fixed at z=0.5 (one half of the signature length L΄), while the channel depth 
ratio takes on several values 5.0=′Lh thru ∞. 

 
Fig. 3.19 Example of sonic boom disturbance penetrating into shallow water in which sediment 

boundary wave is not excited.  The normalized, maximum overpressure is 0.33 and the 
channel depth ratio is ;0.2=′Lh

AM

 the density and sound speeds of water and sediment 
material are listed with the figure.  For this set of properties, sediment-boundary wave 
cannot be excited unless 1.33< <1.44.  The waveform shown for the mid channel for 

=1.5 indicates no sign of resonance, as expected.  (a) overpressure on water surface, (b) 
overpressure at mid channel (z=-1). 

AM

 
Fig. 3.20 Example of sonic boom disturbance penetrating into shallow water in which sediment 

boundary wave is excited.  Conditions same as in preceding figure except =1.36, fallen 
within the resonance condition 1.33< <1.44.  (a) overpressure on water surface, (b) 
overpressure at mid channel, and (c) overpressure on sea floor. 

AM

AM

 
Fig.3.21 Representative sonic booms recorded at sea level during the earliest phase of rocket space 

launch: (a) Apollo 17 Ascent, (b) Titan IV Ascent, (c) Apollo 15 Ascent. 

 48 



 
Fig. 3.22 Overpressure waveform at three depth levels according to the flat-ocean (Sawyers) model 

based on the sea-level overpressure signature from the Apollo 17 ascent record: (a) sea 
level, (b) z=0.156 (1,000ft.), and (c) z=0.776 (5,000ft.).  

 
Fig. 3.23a Example of sonic boom from a rocket space launch interacting with a well aligned surface-

wave train (Λ=ψ=0) assuming =1.08, k=64, L΄=1 km and a sea-level overpressure same 
as one recorded for Titan IV launch.   Predicted overpressure time-domain waveform at 
depth level z=1/8, assuming maximum surface-wave slope δ=0.025. 

AM

 
Fig. 3.23b Predicted overpressure time-domain waveform at depth level z=1/4; conditions otherwise 

same as in Fig. 3.23a. 
 
Fig. 3.23c Predicted overpressure time-domain waveform at depth level z=1/2; conditions otherwise 

same as in Fig. 3.23a. 
 
Fig. 3.23d Predicted overpressure time-domain waveform at depth level z=1; condition otherwise 

same as in Fig. 3.23a. 
 
Fig. 3.24a Example of sonic boom from a rocket space launch interacting with a well aligned surface-

wave train (Λ=ψ=0) assuming k=16; conditions otherwise same as in Fig. 3.23a.  Predicted 
overpressure time-domain waveform at depth level z=1/8.  

 
Fig. 3.24b Predicted overpressure time-domain waveform at depth level z=1/4; conditions same as in 

Fig. 3.24a. 
 
 
Fig. 3.24c Predicted overpressure time-domain waveform at depth level z=1/2;conditions same as in 

Fig. 3.24a. 
 
Fig. 3.24d Predicted overpressure time-domain waveform at depth level z=1; conditions same as in 

Fig. 3.24a. 
 
Captions of figures 4.1 through 4.20 are furnished with each figure cited in Sec. 4. 
 
Fig. 5.1 Sea-level overpressure waveform calculated by PCBoom3, using Plume Source Model 1: 

(a) Focus Boom , =1.146, (b) Carpet Boom, =1.167. AM AM
 
Fig. 5.2 Sea-level overpressure waveform calculated by PCBoom3, using Plume Source Model 2: 

(a) Focus Boom , =1.146, (b) Carpet Boom, =1.167. AM AM
 
Fig. 5.3 Sea-level overpressure waveform calculated by PCBoom3, using source model via an 

inverse approach (a) Focus Boom, =1.146, (b) Carpet Boom, =1.167. AM AM
 
Fig. 5.4 Sea-level overpressure waveform calculated by PCBoom3, using Plume Source Model 1: 

“Post Focus Boom”, =1.05 (via grazing ray). AM
 
Fig. 5.5 Plume-shape sensitivity study, assuming axi-symmetric wave-field in uniform supersonic 

flow. Plume shape A: (a) Assumed rocket and plume geometry, (b) Sea-level overpressure, 
(c) Bow shock and wave-field. 
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Fig. 5.6 Plume-shape sensitivity study, assuming axi-symmetric wave-field in uniform supersonic 

flow. Plume shape B: (a) Assumed rocket and plume geometry, (b) Sea-level overpressure. 
 
Fig. 5.7 Plume-shape sensitivity study, assuming axi-symmetric wave-field in uniform supersonic 

flow. Plume shape C: (a) Assumed rocket and plume geometry, (b) Sea-level overpressure. 
 
Fig. 5.8 CFD Study of intensification of a focus boom in a superboom wave-filed in a modified 

standard atmosphere, using incident waveform inferred from recorded (Titan IV) sea-level 
signature.  (Negative) overpressure at successive heights (z-levels) are plotted for cases in 
which: (a) sea-level and transition (cut-off) plane coincide, =0, (b) transition plane 
occurring above sea level, =-0.20, (c) transition plane occurring at a higher level above 
the ground, =-0.50.  The mesh size is .   

grz

grz

grz 01.0=∆=∆ yx

 
Fig. 5.9 Results of grid refinement for overpressure at different heights for the case in which the 

sea-level and transition plane coincide =0.  Three mesh sizes were used 
and  

grz

0025.,01.0=∆=∆ zx ,005.0=∆=∆ zx .0=∆=∆ zx
 
Fig. 5.10 Comparison of nonlinear and Linear calculations of superboom wave-field for the case in 

which =-0.50, showing dominance of the linear (Tricomi) regime for the superboom 
occurring in this example of a rocket space launch. 

grz

 
Fig. 5.11 Example of intensification of an incident N-wave in the superboom wave-field occurring at 

surface Mach number =1.05 for two cases: (a) transition plane occurring above sea-
level, =-0.25, (b) transition plane occurring at a higher level, =-0.50.  Note greater 
amplification occurs for the real shock. 

AM
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